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ABSTRACT
This thesis experimentally investigates the cracking behavior of brittle heterogeneous materials.
Unconfined, uniaxial compression tests are conducted on prismatic gypsum specimens
containing either one, or two, inclusions. These inclusions are of different strengths, stiffnesses,
shapes, and sizes. Real-time video and high speed video (HSV) systems are used to capture the
sequence of cracking events, such as initiation and propagation. The coalescence processes
associated with the specimens containing an inclusion pair was also studied. In addition to
examining the effects of shape, strength, and stiffness for an inclusion pair, the effect of the
inclusion inclination angle on coalescence is also investigated.
Some observations reported in this study compare well with those of other researchers, while
other observations are quite different. In general, the overall cracking sequences are similar to
those reported previously; on the other hand, the amount of debonding observed at the inclusion
interface is significantly less. Moreover, the extent of shear crack growth at an inclusion
boundary increased substantially in specimens containing two inclusions, compared to those with
single inclusions. The coalescence patterns associated with specimens containing an inclusion
pair is also compared to past work done by the MIT rock mechanics group on specimens
containing double flaws. These results are found to be remarkably similar. In addition to
studying cracking behavior, the goal of this study is to provide a database for future work in
formulating predictive models on the behavior of materials with inclusions.
Thesis Supervisor: Herbert Einstein
Title: Professor of Civil and Environmental Engineering
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CHAPTER 1 - Introduction
1.1 Motivation
Inclusions are found in many natural, as well as, man-made structural materials. In many natural
rocks, grains of one type of mineral composition and size are embedded in a matrix of different
mineral compositions and grain sizes. Regarding man-made material, inclusions in the form of
aggregate are common in concrete. It is essential, therefore, to understand how these inclusions
impact the performance of the material as a whole. More specifically, there is a need to study
how the cracking process (initiation, propagation, and coalescence) of the composite material is
affected by inclusions.
Understanding how inclusions within a matrix behave is important for a variety of reasons.
Inclusions have the potential for weakening, or strengthening, a composite material.
Understanding more precisely how inclusions behave within a given material is, therefore,
extremely important. A more thorough understanding of inclusion effects on the performance of
naturally occurring material is also essential.
1.2 Approach
There are many inclusion characteristics that can impact how the overall material performs.
These include the strength, stiffness, shape, and size of the inclusion. Various research groups
have studied the effects of a single inclusion placed within a matrix (Gribl, 1979; Maji and Shah,
1989 and others). Little experimental work has been done in understanding how inclusions
interact with one another within a confining matrix (e.g., Zaitsev and Wittmann, 1981; Maji and
Shah, 1989; 1990), which, nevertheless, forms a basis of this study (a complete literature review
will be presented in Section 2.4).
This research involves experimental studies (uniaxial compression tests) on prismatic specimens
of gypsum material containing inclusions of various properties (i.e., strength, stiffness, shape,
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and size). This study aims to broaden the work done by past researchers, specifically in better
understanding the cracking and coalescence processes associated with a composite material. An
underlying goal of this study is to also be able to compare the results of this research to that done
by past MIT rock mechanics group members. The following points will be addressed in this
experimental study to achieve all of the stated goals:
* Perform experiments on molded prismatic specimens of gypsum containing single
inclusions of varying shapes, sizes, strengths, and stiffnesses.
* Perform experiments on molded prismatic specimens of gypsum containing two
inclusions of varying shapes and stiffnesses, set at various inclination angles.
* Use a high speed video camera during the testing of specimens containing single and
double inclusions in order to observe the cracking processes associated with each
specimen type; more specifically, to observe the complete sequence of cracking and to
differentiate each crack type, whether it is tensile, shear, or a combination of the two.
* Regarding the specimens containing double inclusions, additional observations will be
made in order to understand and differentiate the mode of crack coalescence relative to
the inclusion pair.
* Integrate the results of this study with previous work done by the MIT rock mechanics
group.
1.3 Organization of Thesis
This thesis will be organized in the following manner:
Chapter 2 presents a background review on general fracture mechanics and previous
studies done in this area of research, specifically fracture mechanics associated with a
material containing inclusions.
-11-
* Chapter 3 explains the preparation of specimens containing inclusions in detail. It also
explains the systematic manner in which unconfined, uniaxial tests on prismatic
specimens of gypsum were performed and how the experimental data were interpreted.
* Chapter 4 & 5 summarizes the qualitative and quantitative results for the specimens
containing single and double inclusions, respectively. Specifically, the cracking
sequences for different specimen types and the stresses associated with these events
(i.e., maximum stress, crack initiation stress, and coalescence) are studied.
* Chapter 6 presents a summary of the work done in this study and offers
recommendations on how this area of research can progress in the future.
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CHAPTER 2 - Background
2.1 Introduction
This chapter presents a review of past work done in the area of fracture mechanics. A theoretical
approach to the study of fracture mechanics will first be presented, followed by an assessment of
the experimental work done in this field. Lastly, the fracture processes of inclusions within a
confining matrix will be examined in detail. The research done by Zaitsev and Wittmann (1981),
Maji & Shah (1989; 1990), and the MIT rock mechanics group is quite pertinent to this study and
will, therefore, be examined in detail.
2.2 Theoretical Fracture Mechanics
Before analyzing the fracture mechanics associated with an inclusion and its surrounding matrix,
a brief review of crack propagation theory is presented. Griffith (1920) hypothesized that the
theoretical cohesive strength of a brittle material is much greater than what is observed
experimentally. Griffith obtained glass fibers and loaded these specimens in tension. According
to his calculations, the theoretical atomic bond strength of the material was 100 to 1000 times
greater than what his experimental tests measured.
Prior to this observation, Inglis (1913) had already developed an equation that defined the stress
distribution around an elliptical void within an infinite plate (Figure 2.1). Inglis calculated the
stress at a sharp flaw tip, when the flaw length (2a) is much larger than its width (2b), to be
c A = 20r (2.1)
where a is the applied far field stress, a is the half-length of the flaw, and r is the radius of
curvature of the flaw tip which is equal to b2/a. Based on this theory, an increase in flaw length
will increase the stress concentration at the flaw tip. The stress concentration at the tip will also
decrease if the radius of curvature decreases. Crack initiation will occur when this local stress
exceeds the tensile strength of the material.
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Figure 2.1 - An elliptical void within an infinite plate experiencing a far field tensile
stress. Point "A" represents the location where cA is calculated from.
Griffith (1920) used the conservation of energy principle to develop a fracture theory prior to the
development of his stress based theory. Consider the scenario depicted in Figure 2.1, but now
with a plate thickness of B. With an increase in the applied stress, the flaw will increase in
length. Therefore, the surface energy of the material surrounding the flaw will also increase in
order to equal the increase in potential energy. The incremental increase in flaw surface area,
dA, can be expressed as
dFI dW, dE
- + - =- = 0 (2.2)
dA dA dA
where H is the supplied potential energy and internal strain energy of the system, Ws is the work
required to create new crack surfaces, and E is the total energy of the system. FI and Ws can also
be written as
n = i (2.3)
E
Ws = 4yaB (2.4)
where Ho0 is the potential energy of the flawless plate, and y is the specific surface energy of the
material. Griffith used equations (2.2 through 2.4) to calculate the stress (of) needed to
propagate a crack, which is written as
- 14-
-- 2a--4
2b I A
Flaw
or = (2.5)
Inglis (1913) and Griffith (1920) provided the framework for crack propagation in a tensile stress
condition. Griffith (1920) also experimented with crack growth in a compressive stress state and
witnessed a phenomenon now characterized as wing cracks. This phenomenon was later
explained with a sliding wing crack model (see Section 2.4 for derivation), which describes the
propagating curvilinear nature of tensile cracks after initiating from an inclined flaw subjected to
a compressive stress (Brace and Bombolakis, 1963; Gramberg, 1965; Hoek and Bieniawski,
1965; Moss and Gupta, 1982; Horii and Nemat-Nasser, 1986; Ashby and Sammis, 1990;
Kemeny and Cook, 1991; Germanovich and Dyskin, 2000).
There are three main types, or modes, of deformation at a crack tip (Figure 2.2). These are Mode
I (tensile opening), Mode II (in-plane shearing), and Mode III (out-of-plane shearing). It should
be noted that a crack may also undergo more than one mode of deformation, thereby resulting in
a mixed mode type of fracture as the crack is subjected to combined stresses.
0
Figure 2.2 - The three modes of crack deformation and fracture. From left to right: Mode
I (tensile), Mode II (shear), and Mode III (shear) (Shah, 1995).
Irwin (1957) applied his energy release rate concept to Griffith's energy balance principle. This
resulted in the conception of a stress intensity factor, K, which correlates the stresses and
displacements around a flaw tip with the energy that is released when a crack is propagating.
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Since then, several other criteria have been developed to model fracture in a mixed-mode loading
scenario (Erdogan and Sih, 1963; Hussain et al., 1974; and Sih, 1973; 1974).
In the past linear elastic fracture mechanics (LEFM) was used extensively to study rock, since it
was believed that brittle material behaved purely elastically. Recently, it was discovered that the
area ahead of a crack tip is actually plastic. This inelastic region is the result of microcracking
and is commonly referred to as the process zone (Anderson, 2005). The process zone of a crack
tip has been studied extensively over the past decades (Friedman et al., 1972; Segall and Pollard,
1983, etc.). More recently, the effects of this process zone have been modeled for brittle
materials, such as, concrete (Hillerborg et al., 1976; Hillerborg, 1991) and rock (Reyes, 1987;
Bobet, 1997). This was done by using the cohesive zone model (Dugdale, 1960; Barenblatt,
1962).
The interaction of multiple cracks has also been studied extensively. In 1985, two methods for
calculating how cracks increase the stress at the tips of adjacent cracks were developed (Costin,
1985; Kachanov, 1985). Costin (1985) formed a model to find the effects of several cracks
within a homogenous solid being subjected to a far field stress. In order to calculate the net
effect of the crack group, each crack's relative stress intensity had to be individually calculated
within the homogenous body. Kachanov (1985), on the other hand, created a method that
analyzed crack interaction before propagation. Ashby and Hallam (1986) used the sliding wing
crack model and applied it to solids containing several flaws. After tensile crack initiation,
tensile wing cracks will propagate adjacent to one another, thereby, creating beams within the
solid. As loading continues, these beams will lengthen and eventually deflect. This results in an
increase in the stress intensity at the pre-existing crack tips. This model was later modified in
order to account for the curved nature of tensile wing cracks (Kemeny and Cook, 1987).
2.3 Experimental Fracture Mechanics
Brace and Bombolakis (1963) were the first documented people to observe the propagation of
tensile wing cracks from a pre-existing flaw within a brittle material loaded in compression.
Since then, many other experimentalists have studied the various crack processes associated with
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pre-existing flaws within various brittle materials. A list of these individuals is presented below,
which is also presented in Wong (2008).
Rock-like brittle/semi-brittle materials
* Columbia Resin 39 - (Bombolakis, 1963; Brace & Bombolakis, 1963; Nemat-Nasser &
Horii, 1982; Horii & Nemat-Nasser, 1985)
* Glass - (Hoek & Bieniawski, 1965; Bieniawski, 1967)
* Plaster of Paris - (Lajtai, 1970; Nesetova & Lajtai, 1973)
* Polymethylmethacrilate, or PMMA - (Petit & Barquins, 1988; Chaker & Barquins, 1996)
* Molded Gypsum - (Reyes, 1991; Reyes & Einstein, 1991; Shen et al., 1995; Bobet, 1997;
Bobet & Einstein, 1998; Sagong, 2001; Sagong & Bobet, 2002)
* Sandstone-like Molded Barite - (Wong, 1997; Wong & Chau, 1997, 1998; Wong et al.,
2001)
* Sandstone-like Concrete Mix - (Mughieda & Alzo'ubi, 2004)
Natural rocks
* Sandstone - (Petit & Barquins, 1988)
* Granodiorite - (Ingraffea & Heuze, 1980)
* Limestone - (Ingraffea & Heuze, 1980)
* Granite - (Martinez, 1999; Miller, 2008)
* Marble - (Huang et al., 1990; Chen et al., 1995; Martinez, 1999; Li et al., 2005; Wong
2008)
* Ice - (Wang & Shrive, 1995)
It should be noted that not only did the brittle material vary, but also the specimen size and flaw
dimensions. The specimen sizes ranged widely from 50mm x 32mm x 5mm (Petit and Barquins,
1988) to 635mm x 279mm x 203mm (Mughieda and Alzo'ubi, 2004). The flaw lengths varied
from 10 mm to 50 mm, while the flaw apertures varied from closed to 3 mm.
The observations reported regarding the fracture processes associated with a single flaw in a
brittle material are similar. Tensile cracks were always the first cracks to initiate and propagate.
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In rock specimens, shear cracks were typically observed afterwards. Chen et al. (1995) observed
an alleged x-shaped band of microcracks that occurred just before specimen failure, but did not
provide data to confirm their observation (e.g., SEM analysis). Li et al. (2005) later observed the
formation of white patches in locations where tensile cracks would later form. Wong (2008)
provides a good summary of other experiments with specimens containing single flaws.
Wong (2008) performed his own study on gypsum and marble specimens containing single
flaws. He reported seven major cracks types (Figure 2.3).
Figure 2.3 - The seven crack types associated with a single flaw in gypsum and marble
(Wong, 2008).
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(e) Type 1 shear crack (f) Type 2 shear crack (g) Type 3 shear crack
S-
Experiments on specimens with single flaws helped define fracture processes, such as, crack
initiation and propagation. Typically, however, a material contains several flaw-type defects.
Therefore, it is essential to study the fracture processes associated with the interaction of these
flaws. Experiments on specimens with double, and sometimes multiple, flaws were performed in
order to study interaction and coalescence (e.g., Horii and Nemat-Nasser, 1985). A way of
defining various flaw geometries had to be established in order to systemically study the fracture
behavior of a flaw pair. A sketch of the description used in this study, which was adopted from
Wong (2008), is shown in Figure 2.4. Wong (2008) conducted an extensive review on previous
experimental work done by other researchers, but this study will place emphasis on the work
done by the MIT rock mechanics group.
Pre-existi
L \
/I
Figure 2.4 - Double flaw geometry used by Wong (2008) defined by an inclination angle
(3), a bridging angle (a), and a ligament length (L).
Reyes (1991) performed tests on specimens containing double flaws. These flaws were cast in
molded gypsum and loaded in uniaxial compression. Reyes (1991) observed that coalescence
occurred by means of secondary cracks when the two flaws did not overlap; whereas, with an
overlapping geometry coalescence was caused by primary tensile wing cracks. Surface spalling
and material crushing occurred during the propagation of secondary cracks, which suggest these
secondary cracks may be shear cracks.
Shen et al. (1995) also conducted tests on specimens containing double flaws, but tested both
opened and closed flaw specimens in shear. The coalescence patterns observed are shown in
Figures 2.5 and 2.6.
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- 20-
Number Specimen Critical Load at Schematic Path of Coalescence Description of Coalescence Mode ofCoalescence MPa (a) frictional (b) nonfrictional Coalescence
22.4, 21.4 MPa Ty foakscrn ncum: OW-1a
(ftkfiftw S aQoa fracur. enitiuton(frictional reartnrs) mcos.armous. 
In
positon: ptxistin fraeun tip,
8 600/-15 17.8 MPa urface caraczao ug.
(2 +) with many smad kink sps;
(noicion fracunes) Ia oini cROW gyplMn.
20.5, 17.8, sof coalescing fracre: Se
20.3, 20.9 MPa tonaty fare. mion6osition: pnseeMiasg fractm tips.
9 60/0urface cbraeW atuion: rough.(4+ 1) 15wi seerul tar ge kink steps.
15.2 MPa Noticeable crshed gypm
(nonfrictionl fractures) ed.
18.5 MPa T pe of coalescing ftanm: (a) sheari g
600/150 (fic"ona fue ) moary frcare 
; (b) secondar +esuion
10 + acre + wing frae. Inidanon
0 13.7 MPa position: prexs fri t acae tps
Surface caracterisation: roush.
(non fractures) with a few kink steps. No
__ 
noiceable cashed "Mam.
19.2 MPa Type ofaO r aciw ftcor: t) Tension
(frictional fractues) wing fractue (b) wia fracture +shearig
+ econday rticre. Intsiatioa
1 1 600/30 14.2 MPosition: p istig fracu tips
(1 + 10Sace charac rinza ion: most(nonfrtidonal fracures) ps are clean and smooh.
Type of coalecing fracture: wing Tension
19.9, 22.2 MPa cture. Inti ppotion:
12 preexisting freapr s. Surface
60/45 (fcr fotres) caiz a: smoo and
( + 1) 18.0 MPa clean.
(rnonrictital fract res)
23.5 MPa Type ofrcoaesca fracture: Shrig
(frictional fraces) cdary frac . nitiaon
13 60/600 4 posio: preexisting fracar tips.21.0 MPa s~u~achAaracer ion: very
2( + a rough. coated with a lot of crushed
(aonfrictional Iracus)
I Only two of the three specimens produced useful results, the other specimen failed due to mismanipulation
of the loading machine.
* The frictional fractures in this specimen have weaker contact than other frictional fractures, The
polyethylene sheets were left longer (45 min) by mistake before they were pulled out. As a result, the created
fractures did not close firmly.
Figure 2.6 - Coalescence patterns reported by Shen et al. (1995) (continued).
-21-
Shen et al. (1995) also observed that the bridging angle of a flaw pair geometry impacted
coalescence. A trend was noticed that can be categorized into three groups.
Small & Negative Bridging Angle - coalescence resulting from shear crack propagation.
Intermediate Bridging Angle - coalescence caused by the combination of shear and
tensile cracks.
Large Bridging Angle - coalescence caused primarily by tensile cracks.
Bobet (1997) also tested specimens with open and closed flaws. These specimens were loaded in
uniaxial or biaxial compression. Bobet (1997) observed that tensile cracks were the first cracks
to initiate at the flaw tips. Secondary cracks also formed, which were identified as shear cracks.
This determination was made based on post-mortem fractography analysis. If the surface of the
crack had a plumose structure, it was recognized as a tensile crack; conversely, it was recorded
as a shear crack if it had a rough, powdery appearance. The downside of this method is that
investigation can only be done after failure. It is possible, therefore, to misinterpret the nature
and sequence of crack initiation and propagation. Figure 2.7 depicts the five different
coalescence types documented by Bobet (1997).
In order to resolve the issues with post-mortem fractography, Martinez (1999) utilized a high-
speed video camera when he continued Bobet's (1997) work. Martinez (1999) used geometries
tested by Bobet (1997) in two natural rock materials: marble and granite. Martinez (1999) also
used a new loading profile, different from the incremental one used by Reyes (1987) and Bobet
(1997). An incremental load cycle was needed in order to observe the different coalescence
mechanisms. Martinez (1999), on the other hand, was able to continuously load specimens until
failure, because of the advantages in using the high-speed camera, which captures fracture
processes. Martinez (1999) observed five different types of coalescence, which are shown in
Figure 2.8.
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Type path of Coalescence
Ill
S
IV
S
V S
S
S
Description of Coalescence
Type of coalescing fracture: secondary shear crack. Initiation
position: preexisting flaw tips. Crack surface characterization:
rough, with many small kink steps: contains crushed gypsum
Type of coalescing fracture: secondary shear and tensile cracks.
Initiation position: preexisting flaw tips. Crack surface
characterization: some parts are clean and smooth while other
parts are rough with crushed gypsum
Type of coalescing fracture: secondary shear crack and wing
crack. Initiation position: preexisting flaw tips. Crack surface
characterization: some parts are clean and smooth while other
parts are rough with crushed gypsum
Type of coalescing fracture: wing crack. Initiation position:
preexisting flaw tips. Crack surface characterization: smooth
and clean.
Type of coalescing fracture: secondary crack. Initiation
position: preexisting flaw tips. Crack surface characterization:
very rough. coated with a lot of crushed gypsum
Coalescence cracks
(Coalescence categories)
Type 2 S + Type 2 S
(Category 3)
Type 2 S
(Category 5)
Iype 2 S
Type 2 T - Type 2 S
(Category 5)
Type 2 I
(Categorv 6)
Type 2 S + Type I S
(similar coalescence
pattern not observed
in the present study)
Figure 2.7 - Coalescence patterns reported by Bobet and Einstein (1998).
Wong (2008) continued the flaw pair work done by Bobet (1997) and Martinez (1999). He used
double flaws in specimens of gypsum and Carrara marble. Four test series were performed in
each material, which are summarized in Table 2.1. The double flaw geometries were divided
into two groups described as being either coplanar, or stepped. A coplanar geometry had a
bridging angle equal to zero, while a stepped geometry had a bridging angle not equal to zero
(refer to Figure 2.4).
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TYPE I
TYPE II
TYPE III
TYPE IV
TYPE IVB
S006 S
T
t0 0 S
a- $
Produced by the linkage of
two internal shear cracks
Produced by the linkage of
two internal shear cracks by
a vertical tensile crack (not
a wing crack)
Produced by the
propagation of the internal
shear crack from one of the
flaws until it reaches the
internal wing crack of the
other flaw
Produced by the
propagation of an internal
wing crack from one flaw
until it reaches the other
flaw. Observed only for
granite, but not for marble.
Produced by the linkage of
two internal wing cracks
that propagate until they
join each other half-way.
Observed only for granite, but
not for marble.
Figure 2.8 - Coalescence patterns reported by Martinez (1999).
coplanar 0, 30, 45, 60, 75
2 stepped 2a -605 -30 0 30 60 90, 120 30
3 coplanar 4a 0 0, 30, 45, 60, 75
4 stepped 4a -62.1 - Specimen geometries tes-3ted by Wong (20080,). Refer to Figure 2.12 3
Table 2.1 - Specimen geometries tested by Wong (2008). Refer to Figure 2.4 for details.
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Wong (2008) distinguished nine different coalescence patterns, which he described with his
seven crack types (Figure 2.3). A summary of these coalescence types is shown in Figure 2.9.
Wong (2008) drew various conclusions regarding the flaw geometric parameters and the material
type. These results are summarized below.
Ligament Length - A larger ligament length reduces the effects resulting from the
interaction of two flaws. This observation was seen more often in coplanar geometries
than in stepped geometries.
Flaw Inclination Angle (fl) - For coplanar geometries, a zero inclination angle typically
resulted in no coalescence. As the inclination angle increased, shear crack coalescence
dominated. Tensile crack coalescence was mostly observed at large inclination angles.
Bridging Angle (a) - For stepped geometries, no trend could be determined between the
specimens that experienced no coalescence, indirect coalescence, or direct coalescence.
Regarding the geometries that coalesced directly, a small bridging angle typically
resulted in shear coalescence. As the bridging angle increased, shear-tensile coalescence
dominated, followed by pure tensile coalescence at very large bridging angles.
Material - Regardless of the flaw geometry (i.e., coplanar or stepped), tensile cracks
occurred more often in marble specimens compared to gypsum specimens.
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Category Coalescence patterns Crack types involved
1 No coalescence
Indirect coalescence by two or ntltiple
Scracks(cracktypesvary)
(2 cks) (3 cracks)
3 Type 2 S crack(s)
4 Type S crack(s)
SOne o or ne type 2 S crack(s) and type 2 T
crack segments between imer flaw tips
Type 2 a T crac(s) There may be occasional
6 short S segmnats present along the
cOalesCence crack
7 Type 1 T crack(s)
Flaw tips of the same side linked up by T
crack(s) not displaying wing appearance
8 (crack type not classifed). There may be
occasional short S segments present along the
coals crack
Type 3 T crack(s) lnk igh tip of the top
9 Tflaw and left tip of the bottom flaw. There
may be occasional short S segmnets present
aong di coalesce ack.
Figure 2.9 - The nine coalescence patterns reported by Wong (2008), where T = tensile
and S = shear.
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2.4 Fracture Mechanics of Materials with Inclusions
The fracture mechanics associated with a brittle heterogeneous material, specifically concrete,
will be investigated in this section. Inclusions, which are referred to as aggregate, play a vital
role in the composition of concrete. Concrete is a two phase material consisting of inclusions
and a surrounding matrix; these two components are bonded together at the interface, which is
sometimes referred to as a third phase (Figure 2.10).
Interfacial
Transition
Zone
Matrix
Figure 2.10 - The three components (inclusion, interfacial transition zone, and matrix) of
a typical concrete material being subjected to a far field stress.
The interface, or interfacial transition zone, is considered the weakest part of the concrete
material (Taylor and Broms, 1964). For a concrete material, the explanation lies within the
microstructure of this zone, which is impacted by how the heterogeneous material is compacted
and set. The grains of the cement paste are unable to become tightly packed with the moderately
larger aggregate particles. This is commonly referred to as the "wall effect" as voids between
the paste and aggregate form. The result is a very porous interface, which reduces the strength of
this zone and, therefore, the material as a whole. An example of a porous interface observed in
this study is depicted in Figure 2.11 a. Note that while this applies to concrete it may not apply to
other materials.
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Figure 2.11 - (a) An ESEM image showing the porous interfacial transition zone of a stiff
inclusion (top left) and its surrounding gypsum matrix (bottom right) at a 2500x
magnification, (b) A SEM image detailing a piece of aggregate with a dense outer shell at
a 200x magnification (Zhang and Gjorv, 1990), (c) A SEM image detailing a porous
aggregate piece with no outer shell at a 200x magnification (Zhang and Gjorv, 1990).
The type of aggregate will impact the strength and thickness of the interface. Lightweight
aggregate typically has a stronger interfacial transition zone than normal, or high-strength,
aggregate. Since lightweight aggregate is typically quite porous, it can absorb a portion of the
cement paste. This draws the paste closer to the aggregate, thereby reducing the porosity of the
aggregate boundary and creating a mechanical interlock. Zhang and Gjorv (1990) and Lo and
Cui (2004) showed that this assumption was correct using scanning electron microscopy (SEM).
Zhang and Gjorv (1990) cast concrete specimens containing five different types of lightweight
aggregate; qualitative observations were only made once the specimens cured (i.e., the
specimens were not subjected to loading). They observed that the aggregate with a very dense
outer layer (shell) had a very porous interface; whereas, aggregate with a porous shell had a very
dense and homogenous interface (Figure 2.11b&c). Lo and Cui (2004) did the same type of
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experiments on specimens with normal-weight and lightweight aggregate. They concluded that
lightweight aggregate has a smaller interface thickness compared to normal-weight aggregate,
which can also be seen in Figures 2.11b&c. This is likely a result of the adsorption of the
cement paste into the inclusion.
The inclusion and matrix typically have different mechanical properties, specifically the modulus
of elasticity, thermal coefficient, and hardening rate (Mitsui et al., 1994). It is, therefore,
important to understand if any stress concentrations develop at the interface because of these
mechanical differences. If linear elastic behavior is assumed, the property that has the greatest
influence on the internal stress distribution in a composite material is the difference between the
elastic constants of the inclusion and the surrounding matrix (Hansen, 1958; Neville, 1997;
Aulia, 2000).
When a specimen is loaded, microcracking occurs at the location of largest tensile stress
concentration when the tensile strength of the material at that point is exceeded. In other words,
microcracks will not initiate unless the tensile stress at a certain location is greater than the
tensile strength at that same location. If stress concentrations and the differences between the
modulus of elasticity of the matrix (Em) and aggregate (Ea) are taken into consideration, then the
location of tensile crack initiation can be predicted (GrUibl, 1979). Figure 2.12 shows the stress
concentration factors associated with a hole (E = 0) and a rigid inclusion (E = oo) set in an
infinite plate subject to a far field uniaxial compressive stress. It should be noted that these
solutions match those predicted by Goodier (1933).
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Figure 2.12 - Plots showing the stress concentration factors of a hole (left) and a rigid
inclusion (right) cast within an infinite plate (for v = 0.25) subject to a far field uniaxial
compressive stress in the vertical direction.
According to Figure 2.12, the plate model containing a hole experiences high tangential
compressive stresses (Yc = 3c0 ) at the right and left interface boundary and tensile stresses (Yt = -
o) at the top and bottom boundary. Considering, however, that the compressive strength of
typical concrete is about ten-times greater than its tensile strength, the assumption that tensile
cracks will initiate at the top, or bottom, of the interface can be made. The model containing the
rigid inclusion experiences moderate tangential compressive stresses along the top and bottom
inclusion interface. On the other hand, radial tensile stresses exist adjacent to the left and right
inclusion interface. Therefore, debonding might initiate at the right, or left, boundary before the
occurrence of crack initiation at the top or bottom. Notice a small portion of the matrix just
above and below the inclusion interface is loaded in compression, and then a transition to tensile
stresses occurs.
Aulia (2000) drew somewhat similar conclusions as to where cracks should initiate at inclusions
and matrices of different elastic constants, but provided different reasoning using the figures of
Grtibl (1979). Figure 2.13 shows a circular inclusion cast within a surrounding matrix subject to
a far field compressive stress. Aulia (2000) stated that when large differences between Em and Ea
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exist, such for the case of a high-strength concrete (Em << Ea), there are high internal tensile
stresses at locations 1 and 1'. Again, since the tensile strength of concrete is quite low
microcracking will occur at 1, or 1', as shown in Figure 2.13. Once the tensile crack begins to
propagate, the stresses are redistributed onto the inclusion in order to maintain internal stress
equilibrium (Figure 2.13). Stable crack growth is thereby achieved. This theory disagrees with
the rigid inclusion (Ea = 00oo) stress concentration values shown in Figure 2.12. As stated earlier,
debonding at the sides of a rigid inclusion should theoretically occur prior to tensile crack
initiation at the top, or bottom. Also, the rigid inclusion in Figure 2.12 experiences a
compressive stress concentration near 1 and 1'.
I IIIIIII_ illlllll
IK
Figure 2.13 - Stress distribution of a circular inclusion within a matrix subjected to a far
field stress (left) and the stress redistribution after tensile crack initiation (right), where M
represents the matrix, K represents the inclusion, and 3Mz is the tensile strength of the
matrix (Grtibl, 1979).
Aulia (2000) also states that when the differences between Em and Ea are small, the compressive
strength of the boundary at 2, or 2', is exceeded before the stress at 1, or 1', reaches the tensile
strength of the matrix. Therefore, crack initiation occurs at 2 or 2'. This disagrees with the
closed form solutions shown in Figure 2.14. When (Emz Ea) the radial tensile stresses at the left
and right interface will increase and the tensile strength of the interface will be exceeded (i.e.,
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debonding will occur). Therefore, it is correct to assume that cracks should initiate at 2 or 2', but
not as a result of the compressive stresses exceeding the compressive strength of the matrix at
that location.
0.s
iTens n
-01 n .5 1 1.5 2 2.5 3
Figure 2.14 - Plot showing the radial stress concentration factors of a soft and rigid
inclusion cast within an infinite plate (for v = 0.25) subject to a far field uniaxial
compressive stress in the vertical direction.
Aulia (2000) performed experiments on cylindrical concrete specimens with various aggregate
stiffnesses and obtained results that are consistent with his theory. The concrete specimens
containing aggregate of basalt (Ea = 89.9 GPa), steatite (Ea = 80 GPa), and diabase (Ea = 71.7
GPa), where the difference between the elastic moduli and the matrix (Em = 37.9) was high,
experienced microcracking at the locations of 1, or 1', shown in Figure 2.13. This disagrees with
the closed form solutions shown in Figure 2.12. The reason may be that the closed form
solutions do not account for movement along the interface during loading, which would alter the
stress concentrations shown in Figure 2.12 and especially reduce the compressive stress
concentrations along the top and bottom interface. Aulia (2000) also observed that the concrete
specimens containing granulite (Ea = 39.4 GPa) and limestone (Ea = 39.1 GPa), where the
difference between the elastic moduli and the matrix was low, experienced microcracking at the
locations of 2, or 2', which is also predicted by the closed form solutions.
Zaitsev and Wittmann (1981) began modeling the fracture processes of a heterogeneous material
by first considering a randomly inclined flaw in a homogenous plate (Figure 2.15). As the
compressive load increases, two tensile cracks develop at both ends of the flaw. The critical
stress intensity factor, Ko, for stable crack growth is then
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K T, sin(a) (2.6)
K c=
where Ts is the resulting force of shear stress ts, which results in the shearing of the two flaw
sides. If the coefficient of friction,f, is taken into consideration then the resulting shear force can
be written as
T, = 21,r, = -2l 1,q(sin 0, cos Ok - f sin 2 Ok) (2.7)
By incorporating equation (2.7) into equation (2.6), the following is obtained:
q 2 Kc (2.8)
211 A(Ok,f)
where q is the applied far field compressive load, lI is half the flaw length, 12 is length of the
propagating tensile crack, and A(Ok,) = (sin Ok COS Ok -f sin 2 Ok) sin Ok. Stable crack propagation
will, therefore, be attained as the applied load, q, increases. This is known as the sliding crack
model, which was discussed earlier and was first introduced by Brace and Bombolakis (1963).
q
Figure 2.15 - Depiction of two tensile cracks that developed from an inclined flaw
(Zaitsev and Wittmann, 1981).
Zaitsev and Wittmann (1981) then applied the sliding crack model to the analysis of a polygon
inclusion within an infinite homogenous matrix (Figure 2.16). The sliding crack model does not
consider the effects of normal or shear stresses on the flaw surface, since they are not present if
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the flaw is open. In the case of an inclusion, however, normal and shear stresses are applied to
the inclusion interface. Therefore incorporating a normal stress concentration coefficient, kn, and
a shear stress concentration coefficient, ks, into the shear force component (T,) of the sliding
crack model will account for the differences, since they have an effect on tensile crack
propagation. One of the assumptions made is that the original crack, of length 211, is shorter than
the adjacent side of the inclusion. The inclined crack then begins to propagate in shear (mode
II). The propagation of the shear crack starts when
= K- (2.9)
where the superscript, IF, represents the inclusion interface, and
D~ (Ok,f) = k, sinOk cos - Jk, sin 2 k (2.10)
D F(Okf) defines the orientation of the resulting shear force on the interface (modified from the
sliding crack model) with the incorporation of the stress concentration coefficients, ks and kn.
AA A
tttt tttt tttt
q q q
(a) (b) (c)
Figure 2.16 - A tensile crack of length, 211, located adjacent to an inclusion face, AB: (a)
the initial crack, (b) propagation of the crack along the inclusion face, (c) propagation of
the crack into the surrounding matrix (Zaitsev and Wittmann, 1981).
The shear crack stops once it reaches the same length as the inclusion side (Figure 2.16b). This
can be said if the value of K1ic for the surrounding matrix is significantly higher than that of the
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interface. The compressive strength of the matrix is also much higher than its tensile strength.
Therefore, if the external load continues to increase, a higher critical stress value will be reached
that will result in the propagation of tensile cracks into the matrix. Using the modified sliding
crack model, the relation between the tensile critical stress intensity factor of the matrix and the
applied compressive load is
q 2 KI (2.11)
2L AIF(Ok,f)
where AIF (8k) = DIF (Oksin Ok = (kssin Ok cos Ok -Jkn sin2 Ok) sin Ok, and 12 is the distance AA'
depicted in Figure 2.16c. AIF8(k,f) is simply the A(OkI) term taken from the sliding crack model
with the modification through stress coefficients, ks and kn. Equation (2.11) can also be used to
find the relation between the tensile critical stress intensity factor of the inclusion, KINIc, and the
applied compressive load by substituting KMIc. According to equation (2.11), stable crack
propagation will continue as the applied load increases.
q 
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(a) (b) (c)
Figure 2.17 - An extension of Figure 2.16, but with more than one inclusion: (a) the
initial crack presented in Figure 2.16c, (b) propagation of the crack until its coalescence
with the second inclusion, (c) propagation of the crack along the boundary of the second
inclusion (Zaitsev and Wittmann, 1981).
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For a case with two or more inclusions, the same procedure shown in Figure 2.16 can be applied.
In this case, however, the assumption that tensile crack, AA', will coalesce with another
inclusion is made (Figure 2.17). It is also assumed that the fracture resistance of the inclusion is
much higher than the interface. Crack, AA', will therefore eventually propagate along the
inclusion boundary. The crack can either propagate in mode I, or mode II. When the crack on
the interface of the second inclusion propagates in tension (mode I), the relationship between the
compressive load, qIFi, and the interfacial fracture toughness, K'IFI, is
q _i (2.12)
SA" (Ok, f)[3 cos(O, / 2) + cos(30a / 2)] - 3BIF (Ok , f)[sin(O / 2) + sin(30a / 2)]
On the other hand, if the crack propagates in shear (mode II), the relationship between the
compressive load, qIF11 , and the interfacial fracture toughness, K FIIc, is
2K22KJF /2L
H- _ =_ (2.13)
SAF (Ok , f)[sin(O, / 2) + sin(30a / 2)] - B'F (Ok, f)[cos(Oa / 2) + 3 cos(30a / 2)]
where BIF (Ok) = DIF(0k,tCOS Ok, and where qlFI and qIF1I represent the critical loads required to
propagate a crack along the MN interface in mode I and mode II, respectively. Equations (2.11),
(2.12), and (2.13) show that the fracture resistance of the inclusion and interface (through KNic,
K IFc, and KIFIIc), the geometry of the crack path A'ABB' (through 0a and Ok), and the inclination
of the inclusion interface all have a significant impact on the mode of crack propagation.
Zaitsev and Wittmann (1981) commented that tensile cracks have a greater tendency to
propagate through a lightweight aggregate, rather than along the interface. They showed that this
is only true if the fracture toughness, KIFIc, of the interface is greater than that of the inclusion
(light weight aggregate), KINIc. Aulia (2000) also reported that in concrete specimens containing
low strength aggregate, microcrack bands typically propagated through the aggregate.
Zaitsev and Wittmann (1981) performed experiments in order to supplement their theoretical
calculations. Concrete prismatic specimens (40mm x 40mm x 160 mm) were prepared
containing two steel inclusions (Figure 2.18). Each steel inclusion had a flat side that served as
an "a priori" crack. Half of the specimens were cast where a and P had opposite directions,
while the other half were cast where a and 0 had the same direction. The compressive strength
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of these specimens was determined, and it was concluded that the specimens with opposite
directions of a and p had higher failure stresses, even though no further reasoning was given.
The reason may be that the specimens with the same a and 3 directions have "a priori" cracks
that slide in the same direction, thereby allowing the specimen to shear at lower stresses.
Zaitsev (1983) stated that according to equations (2.12) and (2.13), the interface inclination
angle, Oa, has a significant impact on whether the propagation of a crack along the interface is in
tension or shear. In the case of 0 a < 0 (measured clockwise from vertical) tension cracks are to
be expected; whereas, for Oa > 0 (measured counterclockwise from vertical) a shear crack is more
likely (refer to Figure 2.17). Zaitsev (1983) concluded, however, that the occurrence of normal
confining components of an applied stress may prevent tensile cracks from opening at horizontal
inclusion boundaries. Shear cracks, which are caused by shear components of the applied stress,
will therefore typically form at the boundaries where 0 a is not zero (i.e., if 0 a < 0 a mode II crack
can still initiate).
160
8>0 40
Figure 2.18 - The geometries of the concrete specimens with steel inclusions tested by
Zaitsev and Wittmann (1981). The specimens either had opposite inclination directions
(left) or had equal inclination directions (right).
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Maji and Shah (1989) created prismatic concrete specimens containing circular limestone
inclusions and holes, as shown in Figure 2.19. The specimens were loaded incrementally in
compression, while holographic interferometry was used to capture the crack processes
throughout the test increments. Notice, however, that the specimens containing inclusions of
different sizes also have different spacing distances, which introduces another variable.
S5 00
(c) (b) (C) (d)
Figure 2.19 - The specimen geometries tested by Maji and Shah (1989): (a) 1" diameter
limestone inclusion, (b) 1" diameter hole, (c) V2" diameter limestone inclusion, (d) 2"
diameter hole.
Maji and Shah (1989) reported that interface cracks typically propagated along the entire 1"
limestone inclusions before propagating into the concrete matrix. These bond cracks initiated at
about thirty percent of the peak load (Figure 2.20b). Nonlinearity in the stress-strain curve
commenced at this point. Maji and Shah (1989) noted that interface cracking initiated at various
points around the inclusions, not just at the right and left inclusion boundary. This suggests that
the interface cracks may not be purely tensile in nature. Matrix cracks then initiated at the
interface cracks located at the top and kottom of the inclusion, and propagated in the direction of
the applied load. It was noted that all matrix cracks propagated vertically regardless of their
initiation point on the inclusion boundary. Cracks then initiated within the matrix as the load
increased. Just prior to failure, diagonal cracking was observed and commonly coalesced with
previously initiated vertical matrix cracks (Figure 2.20c). Post-mortem investigations showed
that many of these diagonal cracks did not extend entirely through the specimen. Displacements
at the inclusion boundary were measured throughout each test (Figure 2.21a). Total interface
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displacements were about five microns. The ratios of the horizontal displacement (dH) to the
vertical displacement (dV) were then calculated across the interface at the middle of the
inclusion (Figure 2.21b). At the beginning of the test this ratio was about one, which suggests
mixed-mode crack growth. Towards the end of the test this ratio gets much larger, which
indicates tensile crack opening (Figure 2.21c&d). Similar measurements were done at the matrix
cracks and pure tensile opening was observed.
LOAD
KIPS 1KIP=4.45 K(1" = 2.54 cm)
20 C
(9.5cm 0 0
10
b
0 O.01" 0.02"
(a) (b) (c)
Figure 2.20 - (a) Load-displacement diagram from a 1" diameter limestone specimen (b)
sketch of bond crack initiation, (c) sketch of specimen just prior to failure (Maji and
Shah, 1989).
Regarding the /2" diameter limestone inclusions, Maji and Shah (1989) reported that no interface
and negligible matrix cracking occurred. This may be a result of the increase in spacing distance
described above, as Wong (2008) also showed that an increase in ligament length will decrease
flaw interaction effects. Post-mortem investigations showed that specimens failed in the same
plane as the direction of the applied compressive stress, unlike what was seen with the 1"
limestone specimens. These specimens also failed at a lower stress compared to the 1"
specimens and showed a more linear stress-strain curve. Maji and Shah (1989) said that a
possible reason may be that the 1" inclusions apply greater constraint against crack propagation
in the plane of the applied stress direction, and therefore carry a greater load even with the
extensive interface cracking. This reasoning seems flawed since the plane in which crack growth
occurs within the matrix should not be affected (especially not resisted) by the inclusion size, but
on other factors (e.g., uneven loading, etc.).
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Figure 2.21 - (a) Load-displacement diagram roughly showing the four points when
readings were taken, (b) location of the displacement gages on the specimen, (c&d) plots
of the dH/dV ratio across points A-B and C-D, respectively (Maji and Shah, 1989).
The 1" and '/2" hole specimens behaved differently than the specimens containing inclusions.
Matrix cracking always initiated at the top and bottom of the holes, and propagated in the same
fashion as the specimens containing inclusions. After matrix crack initiation, stress-strain
linearity was still observed, unlike what was seen with the specimens containing inclusions.
These specimens also experienced minor diagonal cracking, and failed when the spalling of
specimen pieces occurred at one of the boundaries. The 1" hole specimens behaved the most
linearly and experienced earlier matrix cracking, compared to the " holes. The 1" specimens
failed at a higher stress, which again may be a result of the different spacing distances between
the two inclusion sizes. Maji and Shah (1989) concluded that the initiation of cracks at a void
seems to depend on its size, although this contradicts the elasticity based stress predictions for
which the stresses are independent of the void size (Goodier 1933).
Tasdemir et al. (1989) then incorporated the principles of mixed-mode fracture to describe the
failure of concrete. The plate depicted in Figure 2.15 is presented again in Figure 2.22, but now
with the introduction of a normal stress, GB, and a shear stress, TB. The plate with the inclined
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crack, which can represent a crack at an inclusion interface, is subjected to the same compressive
load, q, as before. By taking the geometry of the crack inclination into account, the normal and
shear stress values are defined as
op =-qsin2 Ok  (2.14)
rf = -q sin Ok cos Ok (2.15)
The specimen is subjected to compressive loading; therefore, the flaw cannot open since the
normal stress, GB, is compressive. Moreover, the flaw cannot close since the crack surfaces are
in contact. Therefore, it can be assumed that the tensile (opening) stress intensity factor, KI, at
the flaw tip is zero. Tasdemir et al. (1989) verified this assumption using FEM. The crack
surfaces, which are already in contact, can only slide against each other. Therefore, the shear
(mode II) stress intensity factor defined by Melville (1977) is applicable to the tip of the flaw and
is expressed as
K
, 
= -qV-(sin 0k cos -O-psin2 Ok) (2.16)
where, jt, is the interface friction coefficient and, a, is the flaw half-length. This is basically the
same equation as (2.9), but without the incorporation of the stress concentration coefficients.
The reason is that the stress intensity factor of the flaw tip (not the interface) is being defined in
equation (2.16). Note that for sliding to occur the absolute value of the shear stress, ItBI, must be
greater than lGBI . Therefore, a critical value of Ok exists, defined as 0ko, where 0 ko = cotl'. The
shear stress intensity factor, K11, will conform to equation (2.16) when 0ko > Ok (i.e., sliding will
occur), and be zero when Ok > ko-
A crack will initiate at the tip of the flaw in Figure 2.22 when the applied load increases. The
stress intensity factors at the flaw tip can be expressed in terms of the angle of propagation, K
(Figure 2.22). It should be noted that there is typically no correlation between Ok and K. Several
criteria exist that calculate the angle of initiation at the flaw tips (Erdogan and Sih, 1963; Sih,
1974; and Hussein et al., 1974). One common assumption is that the crack will initiate in the
direction of the maximum tensile stress intensity factor. Cottrell and Rice (1980) defined the
stress intensity factors at the tip of the infinitesimal crack that initiates from a flaw tip to be
K cack = 3 K, (sin + sin 3K2 ) (2.17)
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Krack = 1 KI (cos +3cos3 (2.18)
crack
where Kcrack and Kcrack 1  represent the tensile and shear stress intensity factors at the crack tip,
respectively. After the crack initiates at the flaw tip, the KcrackI value is no longer zero.
Assuming that the crack will initiate in the direction of the maximum tensile stress intensity
factor, the maximum value of Kcrack I occurs when K is about 710, which is the root of the
derivative of equation (2.17) for all values of Ok.
Y
A' )t Ix
A 2a
Je
00
B'
t t t
Figure 2.22 - The same inclined flaw presented in Figure 2.15, but now being subjected
to a normal and shear stress at the interface (Tasdemir et al., 1989).
The analytical results presented by Tasdemir et al. (1989) were confirmed in a different
experimental series performed by Maji and Shah (1989). A test series for prismatic concrete
specimens containing a rectangular limestone inclusion were cast. The inclusions were cast at
various inclination angles in order to obtain different normal and shear stress ratios at the
inclusion boundary (Figure 2.23). As with the circlular inclusions, bond cracks initiated before
matrix crack initiation at the interface. The results from the experiments are presented in Table
2.2. The crack initiation, crack propagation, and specimen failure stresses increased as 3
increased, which was to be expected.
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Figure 2.23 - The geometry of a specimen containing a rectangular limestone inclusion
(labeled as "stone") cast at an inclination angle f3 (Maji and Shah, 1989). Also notice the
locations of the clip gages that were used to measure displacements.
180 293 573 1057 1478 4657
360 327 550 983 1200 5380
540 366 851 1187 1524 -
760 1450 2986 3560 - -
Table 2.2 - Average stress values from the experimental series performed by Maji and
Shah (1989), where 1 represents the primary crack length.
A finite element (FEM) analysis was performed by Tasdemir et al. (1990) to model the
experimental results obtained by Maji and Shah (1989). The primary goal was to obtain the
stress intensity factors for progressive matrix crack propagation. There was much scatter in the
stress intensity factors when the assumption that the propagating crack was traction free was
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made. Normal and shear displacements measured across the crack also widely varied from those
calculated by the FEM analysis of the traction-free crack (Figure 2.24).
z
S30 /3=36'
S clip gage CMSD
2 FEM CMSD20- 0
clip gage CMOD
_J
O I I I ,
0 50 100 150 200 250
CMOD or CMSD. x1( 6 in. (1in.= 2.54cm)
Figure 2.24 - The measured and calculated crack mouth opening and sliding
displacements shown in Figure 2.23 (CMOD and CMSD, respectively) (Tasdemir et al.,
1990).
To solve this issue, similar specimens were cast with the same procedure, except a void was cast
instead of the limestone aggregate (Maji et al., 1991). It was experimentally determined that the
initiation of a crack was in mixed-mode, but it was concluded that the mode I stress intensity
factor dominated for the propagating crack. This was done by calculating the same displacement
ratios discussed earlier with the circular limestone aggregates. The FEM analysis was calibrated
with the experimental crack opening and sliding profiles in order to calculate the traction forces
on the faces of cracks. The stress intensity factors were then found to lie within a reasonable
range (Figure 2.24).
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Figure 2.24 -The calculated stress intensity factors prior to calibration (no traction)
versus crack length (left), along with the calculated stress intensity factors after
calibration (with traction) versus crack length (right) (Tasdemir et al., 1990).
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CHAPTER 3 - Uniaxial Compression Tests
3.1 Introduction
In order to understand the various fracture mechanisms associated with an inclusion and its
surrounding matrix, unconfined uniaxial compression tests were conducted on cast prismatic
gypsum specimens containing either one, or two, inclusions. High speed and real-time video
were captured during each experimental test. These recordings were used to visually analyze the
processes of crack initiation and propagation. Load-displacement data were acquired for each of
the experiments, which were then correlated to the sequence of events from the video recordings.
This chapter will cover the experimental details and procedures associated with the performed
uniaxial compression tests. It will include the process of specimen preparation, as well as, the
analysis of experimental data.
3.2 Material Properties
Molded prismatic specimens of gypsum have been used extensively by the MIT rock mechanics
group (Nelson, 1968; Einstein et al., 1969; Motoyama and Hirschfeld, 1971; Einstein and
Hirschfeld, 1973; Reyes and Einstein, 1991; Shen et al., 1995; Bobet and Einstein, 1998; Ko et
al., 2006; Wong and Einstein, 2009). Three gypsum based materials were used in this study;
they are HYDROCAL B-11', ULTRACAL' 30, and white molding plaster. The Hydrocal and
Ultracal material are both comprised of calcium sulfate hemihydrate (CaSO4' 1/2H 20) and
Portland cement, while the molding plaster only consists of the hemihydrate. In the laboratory,
the hemihydrate powder is combined with water in order to create hydrated gypsum specimens
(CaSO4" 2H20). Table 3.1 presents the composition and mechanical properties of the three
gypsum materials.
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*From Bobet (1997)
**From Wong (2008)
Table 3.1 - Composition and mechanical properties of the three gypsum materials. The
chemical compositions of the Hydrocal, plaster, and Ultracal materials were taken from
MSDS #52-140-047, #52-100-016, and #52-140-018, respectively.
3.3 Specimen Preparation
3.3.1 Introduction
This section describes the preparation procedures for the prismatic gypsum specimens used in
this study. The dimensions of these specimens were roughly 6 inches (height) x 3 inches (width)
x 1.25 inches (thickness) (-152mm x -76mm x -32mm). Voids were first cast within a
Hydrocal paste perpendicular to the face of the specimen by using a special mold (Figure 3.1).
Another paste was later created and poured into the voids in order to create inclusions. An
Ultracal paste was used to create stiff inclusions, relative to the surrounding Hydrocal matrix,
while the plaster was used to make less stiff inclusions.
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Figure 3.1 - The steel mold used to cast specimens containing a greased nylon bar set
within a geometric form (refer to Section 3.3.2).
3.3.2 Procedure
The Hydrocal matrices were created using the methods developed by the MIT rock mechanics
group (Reyes & Einstein, 1991; Shen et al., 1995; Bobet & Einstein, 1998; Ko et al., 2006;
Wong and Einstein, 2008). In order to create the Hydrocal paste, HYDROCAL B-11 powder,
celite powder, and water were combined at a mass ratio of 175:2:70, respectively. After the
paste was mixed thoroughly, it was poured into a steel mold. The steel molds used in this study
were modified versions of those used by Wong (2008). The mold contained greased nylon bars
oriented in specific geometries in order to create the inclusion voids (Figure 3.2). An acrylic
holder was installed at the base of the mold to provide stability for the nylon bar. Cardboard
forms were created in order to ensure the voids were cast at the correct locations within the
specimen. One was secured to the base of the mold and another to the top of the mold (see
Figure 3.3). The top geometric form also ensured that the bars remained perpendicular to the
base of the steel mold throughout the casting process. The specifics of the void geometries are
presented in Chapters 4 and 5.
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Figure 3.2 - A cross-section of the modified steel molds (containing two greased nylon
bars) prior to pouring the Hydrocal paste (left) and a hardened specimen being removed
from the mold (right).
The hardened specimens were placed in a 40'C oven after their removal from the mold. These
specimens were weighed regularly until a constant mass was reached. The specimens were then
submerged in a bucket of water prior to pouring the inclusion paste into the voids (this technique
is described in Section 3.3.3). To create the paste for a stiff inclusion, ULTRACAL® 30 powder
and water were combined at a mass ratio of 56:19, respectively. For the less stiff inclusion,
plaster and water were combined at a mass ratio of 120:81, respectively. The paste was poured
into the voids after it was mixed thoroughly. The specimen was then returned to the drying oven
until a constant mass was reached. Each specimen was then sanded and measured prior to
testing. The complete specimen procedure is presented in Figure 3.4.
Figure 3.3 - A prepared mold (containing two greased nylon bars) prior to pouring the
Hydrocal paste (left) and a hardened specimen being removed from the mold (right).
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Procedure for Specimen Fabrication
1. Assemble the steel mold with the geometric forms. Lightly grease the nylon bar(s) and place them into theforms.
2. Measure 6.4 grams of celite powder and 560 grams Hydrocal B-i 1' (gypsum) powder.
3. Measure 224 mL of water.
4. Pour the celite powder into the mixing bowl.
5. Pour the water into the mixing bowl.
6. Put the bowl back in the mixer and switch on the mixer.
7. Switch off the mixer after 20 seconds.
8. Remove the bowl from the mixer.
9. Gently pour the gypsum powder into the bowl.
10. Put the bowl back into the mixer and switch on the mixer.
11. Switch off the mixer after four minutes.
12. Remove the bowl from the mixer.
13. Pour the paste into the steel mold (see Figure 1).
14. Vibrate the mold for two minutes.
15. Record the time when the vibration is completed.
16. Put the mold on top of a horizontal bench.
17. After one hour, remove the specimen from the mold and also remove the nylon bars from the specimen.18. Measure the mass of the specimen and label it on its edge.
19. Clean off the excess grease left behind from the inclusion
form by passing a fine grit strip of sandpaper over the
perimeter of the inclusion void (see Figure 2).
20. Take a damp cloth and clean out the inside of the inclusion
voids.
21. Place the specimen into the oven set at 400 C.
22. Measure the mass of the specimen periodically until the
mass reaches a constant value.
*Note: The mixing bowl and tools should be cleaned quickly to Figure 2
prevent the gypsum mixture from hardening onto the
utensils. *
23. Remove the specimen from the oven and submerge it in water at room temperature for 10 minutes.
Procedure for Plaster Inclusion Fabrication
24. Measure 60 grams of plaster powder, and 40.5 mL of water.
25. Pour the powder into a mixing bowl, and add water.
26. Mix for 2 minutes.
27. Pour the paste into the inclusion void and vibrate for 1 /2 minutes.
Procedure for Ultracal Inclusion Fabrication
24. Measure 56 grams of Ultracal" 30 powder, and 19.0 mL of water.
25. Pour the powder into a mixing bowl, and add water.
26. Mix for 2 minutes.
27. Pour the paste into the inclusion void and vibrate for 1 minutes.
28. Place the specimen into the oven set at 400 C.
29. Measure the mass of the specimen periodically until the mass reaches a constant value.
30. Polish all the faces of each specimen first with coarse (grit #60) and then fine (grit #200) sandpaper.
31. Measure the dimensions and record the mass of the sanded specimen prior to testing.
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Figure 3.4 - Procedure for specimen fabrication (several parts taken from Wong (2008)).
3.3.3 Submerged Technique
Prior to testing, three specimens containing a Hydrocal square inclusion were prepared in
different ways in order to understand the effects of various casting methods. The first
specimen's inclusion was cast without rewetting the matrix, the matrix of the second specimen
was rewet only at the inclusion boundary using a damp rag, and the matrix of the third specimen
was completely submerged in water for 5 minutes. These three specimens were then loaded until
failure. After reviewing the results of the three specimens, two conclusions can be drawn.
After analyzing the post-mortem pictures of the three specimens, it can be seen that the extent of
debonding at each inclusion boundary differs. The specimen that was not rewet prior to the
pouring of the inclusion paste was almost completely debonded prior to testing; whereas, the
specimen that was completely submerged debonded about twenty-five to fifty percent from the
matrix. The specimen that was rewet using a damp rag debonded between fifty to seventy-five
percent (i.e. somewhere between the other two specimens). This observation may explain why
Maji & Shah (1989; 1990) experience extensive interface cracking prior to tensile crack
initiation, as they cast their inclusions dry.
The tensile crack initiation stresses at the inclusion boundaries were normalized with their
respective failure stresses in order to determine if the different inclusion casting methods also
affected crack initiation. The results are as follows:
No Rewet - aC -= 0.263
af
Damp Rag - aCTCI= 0.440
-f
Submerged -- a-v - 0.729
Oaf
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It appears that tensile crack initiation at the inclusion boundary is a function of the bond strength,
and insufficient rewetting of the specimen matrix prior to inclusion pouring resulted in
"premature" tensile crack initiation. It was also found that, regardless of the inclusion pouring
method, shear crack initiation was not impacted by the bond strength of the inclusion boundary.
In all three cases shear crack initiation occurred just before failure (see also Section 4.5.3).
3.4 Uniaxial Compression Testing
3.4.1 Introduction
This section will describe the various components of experimental testing performed in this
study. A typical experimental setup is depicted in Figure 3.5. A schematic of this setup is
shown in Figure 3.6. The three main components of the setup are the loading machine,
camcorder, and high speed video camera, which will now be described in detail.
Figure 3.5 - Typical experimental setup consisting of: a) Sony camcorder, b) Phantom
high speed video camera, c) specimen, d) end platens, e) Baldwin loading frame, f)
MTestW control and data logger, g) high speed camera control.
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Sony
Camcorder
Laptop End Platens
Figure 3.6 - A schematic of a typical experimental setup.
3.4.2 End Platens
In order to perform unconfined compression tests, frictional resistance (confinement) at the
loaded boundaries needed to be minimized. Many researchers have incorporated various types
of media at the boundaries to achieve this goal. The MIT rock mechanics group has been using
brush platens. These platens were first developed by Bobet (1997) and then redesigned for this
study. Figure 3.7 shows the details of the platens used in this study.
1/8" 0 Screws
3/8" Hexagonal
*All materials made of A36 Steel*
Figure 3.7 - End platens used for the current study.
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3.4.3 Uniaxial Compression Tests
All specimens were loaded with a Baldwin 200 kip Loading Frame that was controlled by a
computer software program called MTestW (Version M 9.0.7i) created by ADMET. Load,
displacement, and time data were recorded at a rate of 1800 samples per minute. Refer to Bobet
(1997), Ko (2005), and Appendix A for more information about the loading frame.
Two loading schemes were used by the MIT rock mechanics group in the past. The first one,
which was used by Reyes (1988) and Bobet (1997), loaded the specimen incrementally so visual
inspections could be performed throughout the test. The later scheme, which was started by
Martinez (1999), continuously loaded the specimen while photographic (video) recordings of the
specimen were made. This became feasible when the Phantom high speed video camera was
utilized. The loading profile used in this study is shown in Table 3.2. For more information
regarding the loading profile refer to Appendix A.
0.0017 in/sec 0 - 1000 Ibs
0.0003 in/sec 1000 -2500 Ibs
38.3333 Ib/sec 2500 Ibs - Failure
Table 3.2 - Loading profile used in the present study.
3.4.4 Camcorder and High Speed Camera Observation
A camcorder (Sony DCR-HC65) was used to capture video footage of the specimen surface
during each experiment. The camcorder was set to start recording after the MTestW software
had already began recording data and was set to "standby" mode shortly after specimen failure.
The camcorder recorded at a rate of thirty frames per second. After testing, the video footage
was converted to a digital format so it could be synchronized with the high speed video footage
and stress-strain data. Though the camcorder images only had a one-megapixel resolution, it was
very useful to have a continuous visual record of the entire test.
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A high speed video (HSV) system (Phantom v7.1) was also used to capture footage of the
specimen surface during testing. The primary purpose of the HSV camera was to capture the
various cracking processes until failure, and also the crack coalescence sequence (when
specimens contained double inclusions). The camera had the capacity of recording up to 30,000
frames per second, but also had a finite amount of memory. Therefore, a lower frame rate had to
be used in order to increase the length of high speed footage. A frame rate of 5,000 frames per
second was chosen as the camera could then capture 1.081 seconds of video. One issue with the
high speed video system was that it had to be triggered manually using a connected laptop. This
made capturing high speed footage of failure very difficult since the user's reaction time became
a factor. After the experimental work of this study was completed, the MIT rock mechanics
developed an automatic trigger switch that resolved the problem.
The HSV system could also be used to capture individual images throughout the experimental
trials. These images were taken when a crack event occurred on the specimen face. This was
very useful when an analysis of the fracture processes was performed afterwards. These images
were later uploaded into Adobe Photoshop where they could be overlaid with each other. This
allowed the user to recognize the most subtle of differences between the images taken at
different stress levels.
3.5 Data Analysis
3.5.1 Introduction
A thorough analysis of each specimen was conducted in an attempt at understanding the various
cracking processes. Three sources of data were obtained during each test: load-displacement,
camcorder video, and HSV. Since these sources come from different locations, synchronization
between the three sources of data was required. A cracking sequence coupled with a stress-strain
curve was, thereby, gathered and reported. The following describes this process in detail.
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3.5.2 Synchronization
All three sources of data were taken independently of each other. It was therefore necessary to
make a best attempt at synchronizing the qualitative and quantitative data. Unfortunately, a
small source of error is introduced since the data were not automatically synchronized. A
common point in all three sources of data had to be established. This could either be the
initiation of a specific crack, or the occurrence of failure. When a common point between the
two videos was established, it was then correlated to a drop in the stress-strain curve that was
calculated from the load-displacement data. This proved to be sometimes difficult since all three
sources of data were logged at different rates.
I-
(a)
Figure 3.8 - Schematic of the synchronization process. The camcorder timeline is at the
top, followed by the HSV timeline, and then by the stress-strain timeline (bottom). In
this case, the stress-strain curve was first synchronized to the camcorder and a separate
HSV image via tensile crack initiation (a-b). The HSV stream was then synchronized to
the stress-strain curve using the incidence of failure (c).
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Figure 3.8 illustrates a typical synchronization scheme (data taken from specimen CR(Pl)-30-
OB). Three timelines are presented, which represent the stress-strain, HSV, and camcorder
timeline. The camcorder timeline is at the top, the HSV timeline is in the middle, and the stress-
strain timeline is at the bottom. Notice that the camcorder timeline starts after the stress-strain
timeline. In this case, the camcorder was synchronized to the stress-strain curve using the
moment of tensile crack initiation, which was also captured in a separate image taken by the
HSV camera. The HSV, which was triggered at about the time of failure, then had to be
synchronized with the large drop in the stress-strain curve as best as possible. The three sources
were thus indirectly synchronized. As a result, the stress-strain data can be correlated to any
image from either of the videos. This process is very time consuming and not entirely accurate,
which led to the creation of the trigger switch.
3.5.3 Video Analysis
At this point every image can be associated with a unique stress-strain value. It is now essential
to create a video analysis that will recognize the sequence and modes of cracking. All of the
relevant images are imported into Adobe Photoshop and placed in separate layers. These layers
can be superimposed in order to observe even the most minor cracking events. Each crack in the
test series is assigned a letter designation until ultimate failure is reached. The type of crack also
gets identified. If a crack initiates in tension, it is noted with the letter "T"; while, it is labeled
with an "S" if the crack initiates in shear. Arrows are also placed adjacent to a shear crack in
order to show the direction of movement. A subscripted number gets added to the label, which
represents crack initiation sequence, if several cracks appear on the same image. This labeling
system was adopted by Wong (2008). A sketch is then drawn to accompany each image, and is
also supplemented with the time and stress level when each image was captured (see Figure 3.9).
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(Recorded by High Speed Video System)
Tensile cracks B&D initiated simultaneous
(i.e.. in the same HSV image). and therefo
get the same subcripted number.
C(T)et
G(T\
I 1( F(S),
E(T)
Sketch
(26.46 MPa) Stress Time
Time: 7 minutes & 33.696 seconds
HS mage#-2269 HSV Image No.
Shear crack (M) inliates at the
boundary of the let-hand inclusion and
propag ate s downwar ds.
Tensile crack (N) then inliates at the
lower specimen boundary and
propag ate s upwards until its
coalescence wilh shear crack (M).
Description
ly
re
"L' is a shear crack (hence. the S label):
it was also the 5th crack to initiate.
Figure 3.9 - A page taken from the analysis of CR(Pl)-30-OB depicting the various
fracture processes and their respective orders.
- 58 -
~ ~ ~ _II _ __ ~~~~_~~_~_~~_~_~__~I____ L___ _~~ _
Figure 3.9 contains a page taken from the analysis performed on specimen CR(Pl)-30-0B. The
image being interpreted appears in the top left-hand corner, along with the various crack labels.
A sketch is placed just below the image for clarity. The stress level, time, and image number is
posted in the upper right column, followed by a description of the crack processes occurring in
the image.
3.5.4 Stress-Strain Analysis
After the video analysis was completed, the stress-strain data were presented in a plot that
isolated critical stress-strain values, such as tensile crack initiation, maximum uniaxial
compressive stress, and coalescence (when analyzing double inclusions). The stress-strain plot
reported for specimen SQ(Ul)-30-OB is shown in Figure 3.10.
SQ(UI)-30-OB (Test Date 20081108)
O Maximum Stress (27.679 MPa,
0.559% Axial Strain)
OTensile Crack Initiation (21.24 MPa,
0.446% Axial Strain)
OCoalescence (20.17 MPa, 0.653%
Axial Strain)
I r I I0l 0
0.70 0.80 0.900.20 0.30 0.40 0.50 0.60
Axial Strain (%)
Figure 3.10 - The stress-strain plot of specimen SQ(Ul)-30-0B showing the various
significant fracture events.
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CHAPTER 4 - Uniaxial Compression
Specimens Containing Single Inclusions
Tests of
4.1 Introduction
In an attempt to study the impact of inclusions on the performance of brittle material, single
inclusions were cast within gypsum prismatic specimens. Unconfined uniaxial compression tests
were performed on these specimens until the occurrence of failure. The results of these
experiments are described in this chapter. Detailed analyses of the fracturing behavior for
specimens containing one-inch and half-inch inclusions are given in Appendix B and Appendix
C, respectively.
4.2 Experimental Details
4.2.1 Inclusion Geometry
Initially, four different inclusion geometries were considered in order to understand the effect of
inclusion shape on crack processes. The four geometries consisted of a square, hexagon,
diamond, and circle. The exact dimensions of these inclusions are depicted in Figure 4.1.
1 0HEXAGON
HEXAGO-1N
1 UAR0"
S[UARE CIRCLE
1,0 DIAMO
PIAHDND
Figure 4.1 - Measurements detailing the four different inclusion geometries used in the
specimens containing one-inch single inclusions.
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After the single one-inch inclusion series was tested, half-inch circular and square inclusions
were then incorporated into specimens. This was done in order to study the effect of inclusion
size, as well as, to establish a basis for the double inclusion test series, which will be discussed in
Chapter 5.
4.2.2 Pre-test Surface Cracks
As described in Chapter 3, each specimen was placed into the drying oven after the inclusion
paste was poured into the Hydrocal matrix. The inclusion paste lost moisture as it hardened,
which resulted in shrinkage. The surface area and the intact area of the inclusion lost moisture at
different rates, which may have produced non-uniform shrinkage strains. In addition, the
constrained boundary condition that the paste was poured into may have increased the tensile
stress non-uniformity within the inclusion. Figure 4.2 shows how the inclusion paste was able to
shrink without constraint while drying at the surface areas; whereas the intact area served as a
confined boundary that restricted contraction. This resulted in pre-test surface cracks (refer to
Figure 4.3). These pre-test surface cracks were common in square, diamond, and hexagon
shaped inclusions, but not in circular inclusions. This may suggest that the non-uniformity of
inclusion geometries affects the shrinkage stresses further. Pre-test surface cracks appear to have
an impact on the tensile crack initiation stress of the specimen, which will be discussed in
Section 4.5.3.
Surface Area
Intact Area
V/
Specimen Matrix
Figure 4.2 - Cross-section showing the differences between the "surface area" and "intact
area" of the inclusion paste.
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Figure 4.3 - A half-inch square inclusion showing no visible pre-test surface cracks (left)
and a one-inch square inclusion containing a distinct pre-test surface crack (right).
4.3 Crack Initiation and Propagation of One-inch Inclusions
4.3.1 Circular Inclusions
A summary of the crack sequences and relative stress levels for one-inch circular inclusions is
shown in Table 4.3. Prior to tensile crack initiation, debonding at the boundary of a plaster
inclusion occurred sporadically; however, debonding was typical at an Ultracal inclusion. The
extent of debonding was limited to the left and right inclusion interface (see Figure 4.4). This
disagrees with the findings reported by Maji and Shah (1988). During their experiments on
specimens containing a stiffer inclusion relative to the surrounding matrix, "bond cracks"
typically initiated and propagated around the entire inclusion prior to tensile crack initiation.
The reason may be the differences between specimen preparation, and/or the material properties
of the inclusion and matrix. Maji & Shah (1988) used cored limestone as inclusions in a
concrete matrix; whereas, this study uses cast gypsum material for both the matrix and the
inclusions.
After a portion of the inclusion interface was debonded, tensile cracks then initiated at the ends
of the debonded section and propagated towards the respective specimen boundary (Figure 4.4).
This phenomenon typically did not occur in specimens containing plaster inclusions. Tensile
cracks commonly initiated at the bonded boundaries of plaster inclusions and then propagated
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away from the inclusion. Tensile cracks then extended into the inclusion, or initiated other
tensile cracks within the inclusion (Figure 4.5).
Figure 4.4 - A one-inch inclusion of Ultracal material showing debonding at the right-
hand boundary, which occurred prior to tensile crack initiation.
Shear cracks typically initiated after tensile crack initiation. This always occurred at the central
outermost portions of the inclusion boundary (see Figure 4.5). Shear cracks frequently initiated
at both sides of plaster inclusions, but only initiated on one side of the Ultracal inclusions. When
shear cracks initiated on both sides of the inclusion, the two shear cracks typically sheared in the
same direction as shown in Figure 4.5. Shear crack initiation at an Ultracal inclusion typically
occurred after the specimen's maximum stress. Regarding a plaster inclusion, however, shear
crack initiation occurred at about the maximum stress.
Figure 4.5 - Tensile crack initiation and propagation at a one-inch circular inclusion of
plaster material (left), and Ultracal material (center), along with a sketch of shear crack
initiation and propagation at a plaster inclusion (right). A summary of all crack
sequences and relative stress levels is shown in Table 4.3.
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4.3.2 Hexagon Inclusions
A summary of the crack sequences and relative stress levels for one-inch hexagon inclusions is
shown in Table 4.3. Debonding prior to tensile crack initiation was not extensive in either case,
though it did occur more often at the boundary of an Ultracal inclusion. Extensive debonding
occurred at the boundaries of both inclusion types just before failure, however. Tensile crack
initiation frequently occurred at the upper and lower boundary comers of an Ultracal inclusion;
whereas, the locations of tensile crack initiation were arbitrary along the upper and lower
inclusion boundary of a plaster inclusion. Tensile cracks also initiated at pre-test surface cracks
located within an inclusion, and were more common with the Ultracal inclusions. After
propagating into the matrix, tensile cracks then propagated along the boundary of an Ultracal
inclusion. Tensile cracks often propagated into a plaster inclusion, however (see Figure 4.6).
Figure 4.6 - Tensile crack initiation and propagation at a one-inch hexagon inclusion of
plaster material (left), and Ultracal material (center), along with debonding and shear
crack initiation at a typical inclusion (right). A summary of all crack sequences and
relative stress levels is shown in Table 4.3.
Shear cracks usually initiated at both sides of the inclusion, regardless of the material, and the
two shear cracks within the specimen always sheared in opposite directions. Shear cracks
always initiated at the left-hand and right-hand comers of the inclusion boundary, and always
propagated downwards in the direction shown by the arrows in Figure 4.6. As mentioned earlier,
the upper and lower inclusion boundaries also sheared, regardless of inclusion material. This
may be the result of tensile crack propagation along the interface and/or the magnitude of shear
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stresses at the inclined interface. It was observed that shear crack initiation at an Ultracal
inclusion occurred at about the specimen's maximum stress. Shear crack initiation typically
occurred before the maximum stress of a specimen containing a plaster inclusion.
4.3.4 Diamond Inclusions
A summary of the crack sequences and relative stress levels for one-inch diamond inclusions is
shown in Table 4.4. Debonding at the inclusion boundary was rarely seen prior to tensile crack
initiation. The initiation of tensile cracks, however, typically led to significant (sometimes
simultaneous) inclusion debonding. After tensile crack initiation, inclusions typically debonded
completely from the surrounding matrix. This can be attributed to the inclusion geometry, as
shearing along the boundary was commonly observed.
Tensile cracks typically initiated at the upper and lower tips of the inclusion, regardless of the
inclusion material. The propagation of tensile cracks into the inclusion depended on the
inclusion material. Tensile cracks typically initiated at the boundary and later propagated into a
plaster inclusion. Regarding Ultracal inclusions, however, tensile cracks began to propagate
along the inclusion boundary, and then extended into the inclusion (Figure 4.7). Shear cracks
always initiated on both sides of the inclusion at the left and right boundary tip. The most
common shearing pattern observed is shown in Figure 4.7 (i.e. both cracks shear in the same
direction and in a similar orientation). It was also observed that shear crack initiation at an
Ultracal inclusion occurred after the specimen's maximum stress. Regarding plaster inclusions,
however, shear crack initiation occurred before the maximum stress.
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Figure 4.7 -Debonding, tensile crack initiation, and propagation at a one-inch diamond
inclusion of plaster material (left), and Ultracal material (center), along with shear crack
initiation at a typical inclusion (right). A summary of all crack sequences and relative
stress levels is shown in Table 4.4.
4.3.4 Square Inclusions
A summary of the crack sequences and relative stress levels for one-inch square inclusions is
shown in Table 4.4. Inclusion debonding seldom occurred at the boundary of a plaster inclusion
prior to tensile crack initiation. Debonding occasionally occurred with an Ultracal inclusion;
however, it occurred after tensile crack initiation. Moreover, tensile cracks always initiated at
the pre-test surface cracks located within the Ultracal inclusion. Tensile cracks then continued to
propagate along the existing pre-test surface cracks and eventually into the surrounding Hydrocal
matrix. Tensile crack initiation occurred at various locations of the upper and lower plaster
inclusion boundary, however. As the tensile crack began propagating into the Hydrocal matrix,
the crack then also propagated into the inclusion without a significant change in direction.
Shear cracks typically did not initiate at the boundaries of a plaster inclusion, but did initiate at
the Ultracal inclusions. When shear cracks initiated on both sides of the inclusion, the two shear
cracks always sheared in opposite directions (as shown in Figure 4.8). Shear cracks usually
initiated at the lower comers of the inclusion boundary. Shear crack initiation typically occurred
before the specimen's maximum stress, regardless of inclusion material.
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Figure 4.8 - Tensile crack initiation and propagation at a one-inch square inclusion of
plaster material (left), and Ultracal material (center), along with shear crack initiation and
propagation at an Ultracal inclusion (right). A summary of all crack sequences and
relative stress levels is shown in Table 4.4.
4.3.5 Bowed Cracks
Tensile cracks did not always initiate at the inclusion boundary. On occasion, tensile cracks
initiated at the upper or lower (loaded) specimen boundaries and propagated towards the other
boundary; this commonly resulted in specimen detachment as buckling of the smaller specimen
piece typically occurred. Sometimes as a tensile crack propagated adjacent to the inclusion it
turned towards the inclusion, and then turned away again (Figure 4.9). These "bowed" tensile
cracks typically initiated after a shear crack had initiated at the adjacent inclusion boundary,
regardless of the inclusion material, but sometimes did occur when no noticeable shear cracks
were observed (e.g., Figure 4.10). This occurred in all specimens containing various one-inch
inclusions.
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Figure 4.9 - Sketch showing the sequence of a typical "bowed" tensile crack.
Figure 4.10 - Image taken from the experimental trial of DM-1-PI depicting the described
bowed crack (left) at the right specimen boundary that eventually led to the detachment
of a specimen piece (right).
4.4 Crack Initiation and Propagation of Half-inch Inclusions
4.4.1 Circular Inclusions
A summary of the crack sequences and relative stress levels for half-inch circular inclusions is
shown in Table 4.5. It should be noted that pre-test surface cracks were rarely seen with half-
inch circular inclusions of either material. A significant amount of debonding occurred at both
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inclusion types, unlike what was observed with the one-inch inclusions. It typically occurred
prior to tensile crack initiation at an Ultracal inclusion boundary; whereas, debonding generally
started simultaneously with tensile crack initiation at a plaster inclusion. Tensile crack initiation
was also different between the two inclusion materials. Tensile cracks initiated at the boundary
of a plaster inclusion, and then propagated into the surrounding matrix. The same tensile cracks
then began to propagate into the inclusion, as long as debonding did not occur at the respective
boundary point. The initiation of tensile cracks at Ultracal inclusions differed, however. It was
common for tensile cracks to initiate just above, or below, the inclusion boundary (Figure 4.11).
These tensile cracks propagated in both directions and eventually reached the inclusion
boundary. Unlike the one-inch inclusion series, bowed cracks were not observed in specimens
with half-inch circular inclusions.
Figure 4.11 - Tensile crack initiation and propagation at a half-inch circular inclusion of
plaster material (left), and Ultracal material (center), along with shear crack initiation and
propagation at a typical inclusion (right). A summary of all crack sequences and relative
stress levels is shown in Table 4.5.
Shear crack initiation typically occurred after the initiation of tensile cracks. As with one-inch
inclusions, this always occurred at the left-hand and right-hand inclusion boundary. Shear cracks
always initiated at both sides of the inclusion, regardless of the inclusion material. The two shear
cracks always sheared in opposite directions (Figure 4.11). This observation is quite different
from what was observed with the one-inch inclusions. Shear crack initiation at an Ultracal
inclusion typically occurred after the specimen's maximum stress. Shear crack initiation at a
plaster inclusion occurred before the maximum stress, however.
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4.4.2 Square Inclusions
A summary of the crack sequences and relative stress levels for half-inch square inclusions is
shown in Table 4.5. In contrast to what was observed at the boundary of one-inch inclusions,
pre-test surface cracks were not seen with half-inch square inclusions of either material and
debonding occurred frequently. Debonding always initiated at the left or right inclusion
interface. Tensile cracks then initiated at the boundary comers where debonding had occurred,
and then propagated away from the inclusion (Figure 4.12). Failure of the specimen occurred
when other tensile cracks later initiated at the top or bottom (loaded) specimen boundaries.
These other tensile cracks propagated towards the opposite specimen boundary, which typically
resulted in specimen detachment (refer to Section 4.3.5). Bowed cracks were not observed in
specimens containing half-inch square inclusions. Shear cracks were not common, which is
again quite different from what was observed with the one-inch inclusions.
Figure 4.12 - Sketch depicting debonding and tensile crack initiation associated with a
half-inch square inclusion. A summary of all crack sequences and relative stress levels is
shown in Table 4.5.
4.5 Stress Analysis
4.5.1 Introduction
The previous sections of this chapter provided a qualitative interpretation of the fracture behavior
associated with specimens containing single inclusions. An analysis of the quantitative data
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collected during each test will now be presented. These data include the various stresses, strains,
and stress ratios described in Chapter 3.
4.5.2 Maximum Stress
Each specimen was loaded until a maximum stress value was reached. In this study, the
maximum stress is defined as the failure stress of the specimen. Two figures are presented
below. Figure 4.13 plots the maximum stress for each specimen containing one-inch inclusions,
while Figure 4.14 plots the maximum stress for each specimen containing half-inch inclusions.
Figure 4.13 - Maximum stresses for specimens with one-inch inclusions. The solid
points represent the values for the Ultracal inclusions, while the hollow points represent
the values for the plaster inclusions. The lines connect the averages for each geometry
and material type.
As shown in Figure 4.13, the maximum stress values for each of the four inclusion geometries
are remarkably different. The circular inclusions have a higher average maximum stress value
than the other geometries. There is then a significant decrease in the maximum stress of the
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hexagon inclusions, followed by another decrease with the diamond inclusions. The average
maximum stresses of the square inclusions, however, are approximately the same as the hexagon
inclusions. It should be noted that there is substantially less scatter with the maximum stresses
of one-inch square inclusions than the other geometries (refer to Figure 4.13). The specimens
containing Ultracal inclusions typically sustained higher maximum stresses, with the exception
of the square inclusions.
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Figure 4.14 - Maximum stresses for specimens with half-inch inclusions. The solid
points represent the values for the Ultracal inclusions, while the hollow points represent
the values for the plaster inclusions. The lines connect the averages for each geometry
and material type.
In contrast to what was observed with the one-inch inclusions, the average maximum stress of
the half-inch circular inclusions is less than the square inclusions. Notice, however, that there is
significant scatter associated with the stress values of the half-inch square inclusions. Regarding
the circular inclusions, specimens containing Ultracal inclusions typically had a higher maximum
stress. The same cannot be said of the square inclusions.
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4.5.3 Crack Initiation Stress and Stress Ratio
As mentioned earlier in this chapter, tensile cracks always initiated before shear cracks. The
stress at which this occurred for specimens containing a one-inch inclusion is plotted in Figure
4.15.
Tensile Crack Initiation Stress vs. 1" Inclusion Geometry
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Figure 4.15 - Tensile crack initiation stresses for specimens with one-inch inclusions.
The solid points represent the values for the Ultracal inclusions, while the hollow points
represent the values for the plaster inclusions. The lines connect the averages for each
geometry and material type.
For the most part, the averages for the inclusion geometries follow a similar trend as the
maximum stress averages shown in Figure 4.13. With the exception of the square inclusions,
there is a greater spread between the initiation stresses of plaster versus Ultracal inclusions.
Comparison between Figure 4.15 and Figure 4.13 shows that tensile crack initiation occurred
either at, or just before, failure for an Ultracal inclusion; whereas, it typically occurred before the
failure of a specimen containing a plaster inclusion. This observation can be better distinguished
in Figure 4.16, where the tensile crack initiation stress is normalized with the maximum stress.
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Again, this specific observation is not applicable to the square inclusions. It should also be noted
that hexagon inclusions also commonly contained pre-test surface cracks, and this may explain
the low tensile crack initiation stress ratios in Figure 4.16.
As mentioned earlier, pre-test surface cracks may have resulted in premature tensile crack
initiation. Table 4.1 lists the average tensile crack initiation stress ratios for one-inch inclusions
that had visible surface cracks, compared to those that did not have visible surface cracks. A
direct comparison can be made between the Ultracal, hexagon inclusions and the plaster,
diamond inclusions. Notice the reduction in tensile crack initiation stress ratios for those specific
specimens.
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Figure 4.16 - Tensile crack initiation stress ratios for specimens with one-inch inclusions.
The solid points represent the values for the Ultracal inclusions, while the hollow points
represent the values for the plaster inclusions. The lines connect the averages for each
geometry and material type.
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Table 4.1 - A comparison of average tensile crack initiation ratios (reported in
percentages) between one-inch inclusions containing surface cracks, versus no visible
surface cracks. Note the differences between the Ultracal, hexagon inclusions and the
plaster, diamond inclusions.
A similar comparison can be performed for the specimens containing half-inch inclusions. The
tensile crack initiation stresses for half-inch inclusions are presented in Figure 4.17, while the
initiation stress ratios are presented in Figure 4.18. Figure 4.14 shows that square inclusions
typically had a higher maximum stress than the circular inclusions. Figure 4.18, however,
illustrates that the average initiation stress ratios of both inclusions are about the same, although
there is some scatter. There is no distinction between the plaster and Ultracal inclusions, unlike
what was seen with the one-inch inclusions. Table 4.2 lists the average tensile crack initiation
stresses for both the one-inch and half-inch inclusions.
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Tensile Crack Initiation Stress vs. 1/2" Inclusion Geometry
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Figures 4.17 & 4.18 - Tensile crack initiation stresses (top) and initiation stress ratios
(bottom) for specimens with half-inch inclusions. The solid points represent the values
for the Ultracal inclusions, while the hollow points represent the values for the plaster
inclusions. The lines connect the averages for each geometry and material type.
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Table 4.2 - Average tensile crack initiation ratios for the specimens containing one-inch
inclusions. It should be noted that inclusions containing surface cracks were not
excluded from the averages.
The shear crack initiation stresses for one-inch inclusions are presented in Figure 4.19, while the
initiation stress ratios are presented in Figure 4.20. The pattern of the tensile crack initiation
stress ratios (Figure 4.13) is very similar to the shear crack initiation stress values of Figure 4.19.
Figure 4.20 shows that the average shear crack initiation stress ratios for all one-inch inclusion
specimens are very close to one (i.e., shear cracks typically initiated close to failure). The shear
crack initiation stresses for half-inch inclusions are presented in Figure 4.21, while the initiation
stress ratios are presented in Figure 4.22. As mentioned earlier, shear cracks typically did not
initiate at the square inclusions. Notice, however, that the ratios for half-inch circular inclusions
are almost identical to the one-inch circular inclusion shear crack initiation ratios presented in
Figure 4.20.
It should be noted that obtaining a stress value for the initiation of a shear crack is somewhat
subjective. The high speed video camera used in this study could only record fracture events at
the specimen surface. Therefore, spalling at the specimen surface was used as an indicator for
shear crack initiation, which corresponds to previous experimental experience of the MIT rock
mechanics group and appears to be a very good indicator (e.g., Wong, 2008). Spalling, however,
is indicative of a compressive stress state but not necessarily a result of shear crack initiation or
propagation. Nevertheless, shearing could definitely be seen with the high speed video camera,
and assuming that shear and spalling initiate at the same stress level is an acceptable assumption.
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Shear Crack Initiation Stress vs. 1" Inclusion Geometry
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Figures 4.19 & 4.20 - Shear crack initiation stresses (top) and initiation stress ratios
(bottom) for specimens with one-inch inclusions. The solid points represent the values
for the Ultracal inclusions, while the hollow points represent the values for the plaster
inclusions. The lines connect the averages for each geometry and material type.
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Figures 4.21 & 4.22 - Shear crack initiation stresses (top) and initiation stress ratios
(bottom) for specimens with half-inch inclusions. The solid points represent the values
for the Ultracal inclusions, while the hollow points represent the values for the plaster
inclusions.
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4.6 Conclusions
Several uniaxial compression tests were conducted on specimens containing single inclusions.
These inclusions had various shapes, sizes, and stiffnesses. The observations made regarding the
fracture behavior, as well as stress performance, for each specimen was discussed in this chapter.
4.6.1 Fracture Sequence Summary
Tables 4.3 through 4.5 present a summary of typical crack sequences and relative stress levels
for each inclusion size, shape, and material. The relative stress level at each stage was calculated
by normalizing the respective stress level with the maximum stress of the specimen. Only the
specimens that exhibited the specific fracture pattern were included in the average that is
reported in the top right-hand comer of every image. A ratio of the number of specimens that
exhibited the trend to the total number of specimens is also reported in the bottom right-hand
corner. It should be noted that crack patterns are symmetrical about the top and bottom, or left
and right, interface unless otherwise noted. For example, Table 4.5 shows initial debonding on
one-side of the plaster, half-inch square inclusion. This does not mean that debonding only
occurred at the "right" interface boundary, but that it typically occurred only on one side.
4.6.2 Effect of Inclusion Geometry
The inclusion geometry had various effects on specimen performance. Debonding prior to
tensile crack initiation was typically only observed with circular inclusions. More specifically,
both one-inch and half-inch Ultracal, circular inclusions experienced extensive debonding prior
to tensile crack initiation. This phenomenon may be explained by analyzing the stress
concentration values at the inclusion interface. The closed form solutions presented in Section
2.4 are shown again in Figure 4.23. A circular, Ultracal inclusion can be compared to the rigid
inclusion model. In this study, debonding was observed at the right and left inclusion interface.
This may be a result of the radial tensile stresses that exist adjacent to the left and right rigid
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inclusion interface shown in Figure 4.23. Tensile cracks then initiated at points on the inclusion
boundary that experienced debonding.
Comprosion e
I
1--------- -
n
o somprssion
05 ----------- - --------- O
- - ----3 --.. - - '
compressive stress in the vertical direction.
Whether the inclusion was debonded, or not, the location of tensile crack initiation depended on
the inclusion shape. Diamond inclusions, for example, always experienced tensile crack
initiation at the upper and lower points, regardless of material type (Table 4.4). Shear crack
initiation also depended on inclusion geometry. Shear cracks typically initiated at the bottom
corners of a square inclusion, but always initiated at the centers of the other inclusion shapes.
The shape of the inclusion also seemed to govern the extent of shearing at the inclusion interface,
which typically occurred just before specimen failure (refer to Tables 4.3 and 4.4). The amount
of debonding typically increased as the inclination of a respective inclusion interface increased
with respect to the direction of applied load. Post-mortem investigations showed that diamonds
experienced the most amount of debonding (100%), hexagons had moderate debonding (-75%),
and circles and squares had the least amount of debonding (-50%).
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The maximum stresses varied depending on the inclusion geometry. The maximum stress for a
circular or square inclusion was about twenty to twenty-five percent higher than the diamond
geometry, while the hexagon inclusions were somewhere in between (Figure 4.13). This may be
a result of the described interface shearing observation described earlier.
4.6.3 Effect of Inclusion Size
The effects on the size of an inclusion have been studied for many decades. The results of this
study essentially agree with those from the past. Specifically, the amount of pre-test surface
cracks decreased as the inclusion size decreased. The likelihood that a one-inch inclusion
contains more pre-test microcracks is high, since there is direct relationship between the volume
of the inclusion and the formation of imperfections, or microcracks. Note a typical one-inch
inclusion has four-times the volume of a half-inch inclusion. An increase in debonding was also
observed as the inclusion size decreased. Debonding occurred at the same locations as with the
one-inch inclusions (i.e., the left and right interface). This again agrees with the closed form
solutions shown in Figure 4.23.
Tensile crack initiation occurred earlier at one-inch inclusions compared to half-inch inclusions.
This may be a result of the increase in microcrack density as discussed in the previous paragraph.
Tensile cracks generally initiated at the same location regardless of inclusion size. The initiation
of shear cracks occurred less frequently as the inclusion size decreased. In general, the entire
fracturing sequence occurred more instantaneously with half-inch inclusions than with one-inch
inclusions. In other words, half-inch inclusions showed signs of fracture at 90% of maximum
load, or later, whereas the range for one-inch inclusions was 63% to 99% (Tables 4.3 through
4.5). Also, the maximum stress for specimens containing square inclusions increased about fifty
percent with a decrease in inclusion size, while the maximum stress for circular inclusions
increased five to twenty percent.
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4.6. 4 Effect of Inclusion Material
The mechanical properties of both inclusion materials are listed in Table 3.1. It should be noted,
however, that the mechanical properties of a half-inch inclusion and one-inch inclusion may be
different. This may be a result of the difference between the intact area and volume of a one-
inch inclusion compared to a half-inch inclusion. A one-inch inclusion has four-times the
volume of a half-inch inclusion, but only has twice the contact surface area. Assuming that the
Hydrocal matrix adsorbs an equal amount of water (per contact unit area) from the inclusion
paste during pouring, more water (relative to the inclusion volume) was removed from the half-
inch inclusion paste compared to the one-inch inclusion paste. Therefore, the half-inch
inclusions might be somewhat stiffer than the one-inch inclusions. This hypothesis will need
further investigation.
The stiffness of the inclusion relative to the surrounding matrix had various effects on the
fracture behavior of the specimen. It appears that the extent of debonding typically increased as
the stiffness of the inclusion increased. This supports the argument presented in the previous
paragraph, since half-inch inclusions typically debonded more than one-inch inclusions. As
discussed in Section 4.6.2, the debonding phenomenon may be explained by the closed form
solutions presented in Figure 4.23.
Tensile crack initiation differed between plaster and Ultracal inclusions since debonding
commonly occurred at Ultracal inclusions. Regarding Ultracal inclusions, primary tensile cracks
(i.e., the first tensile cracks to initiate) typically initiated at areas of interface debonding.
Secondary tensile cracks, which initiated after primary tensile cracks, also propagated into
plaster inclusions more often than Ultracal inclusions. In some instances tensile cracks were
observed initiating just above, or below, an Ultracal inclusion. According to the stress
concentration factors presented in Figure 4.23, the rigid inclusion experiences a region of tensile
stresses just above and below the inclusion and this may explain the phenomenon observed in
this study. Shear crack initiation does not seem to be impacted by the stiffness of the inclusion,
but this cannot be said with certainty since analytical data cannot be provided for reasons
mentioned in Section 4.5.3.
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For the most part, specimens containing Ultracal inclusions had a higher failure stress than
plaster inclusions. Tensile cracks also initiated at plaster inclusions before Ultracal inclusions.
According to Tables 4.3 through 4.5, the cracking sequences associated with one-inch Ultracal
inclusions occurred "simultaneously" compared to plaster inclusions (i.e., typically all cracking
processes occurred just before failure).
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Table 4.3 - Crack sequences for the circle and hexagon one-inch inclusions (refer to Section 4.6.1 for details).
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/-;
(99%)
2/3
(65%)
/1
1/3 one side
1/3 both sides
2/3
(69%)
(99%+)
(92%)
1/3 one side
1/3 both sides
Table 4.4 - Crack sequences for the diamond and square one-inch inclusions (refer to Section 4.6.1 for details).
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Pre-test Surface
Crac
3/3
(82%) (92%) (94%)
0
(94%)
2/3
(
2/3 3/3
(90%) (93%) (95%)
2/3 2/3 3/3
(99%+) (99%+) (99%+)
2/3 3/3 3/3
(94%) (95%) (99%+)
2/3 one side 2/3 one side 2/3 one side
1/3 both sides 1/3 both sides 1/3 both sides
Table 4.5 - Crack sequences for the circle and square half-inch inclusions (refer to Section 4.6.1 for details).
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CHAPTER 5 - Uniaxial Compression Tests of
Specimens Containing Double Inclusions
5.1 Introduction
Unconfined uniaxial compression tests were performed on prismatic specimens containing two
inclusions. These specimens were loaded until failure and similar observations were made as
with the single inclusions. Of specific interest, however, is the coalescence behavior for the pair
of inclusions. More specifically, the effects of inclusion inclination angle, inclusion material,
and inclusion shape on the coalescence of an inclusion pair was studied. The results of these
experiments are described in this chapter, while the detailed analyses can be found in Appendix
D and Appendix E.
5.2 Experimental Details
In order to study the fracture behavior of two half-inch inclusions, two inclusion geometries were
considered: square and circle. It would have been ideal that all four geometries tested in the one-
inch inclusion series were also incorporated into the double inclusion series, but time constraints
prevented this from happening. In order to create a systematic test series and possibly correlate
the results of this study with those done by past MIT rock mechanics group members, the same
geometric definitions were adopted in this study (Figure 5.1).
Pre-existing flaw
L
Pre-existing flaw
Figure 5.1 - Double flaw geometry defined by Wong (2008) which consists of an
inclination angle (3), a bridging angle (a), and a ligament length (L).
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An issue exists when trying to apply the geometric scheme in Figure 5.1 to two inherently
different geometric shapes. The main goal in this study was to keep the ligament length constant
(equal to 0.5", or 2a), especially since this seems to have affected the results reported by Maji
and Shah (1989; 1990). The way the inclination angle was measured differed between the two
geometries, as an entirely analogous way of defining 0 for circular and square inclusions would
have transformed the "square" geometry into a "diamond" geometry at large 0 values. Only
half-inch inclusions were used in this study so to be consistent with the 2a flaw geometries tested
by the MIT rock mechanics group. The geometric definitions for both inclusion shapes are
presented in Figure 5.2.
Figure 5.2 - Double inclusion geometries for the square and circle half-inch inclusions,
which consist of an inclination angle (0) and a ligament length (L).
Only the inclination angle (0) and the inclusion material were varied in this test series.
Regarding the circular inclusions, the inclination angle was defined as either 00, 300, or 600. The
square inclusions were cast in -450, 30', and 600 inclinations, but an additional inclination angle
of 750 was also created to account for the geometric differences described in the previous
paragraph. This resulted in fourteen unique geometries that are listed in Table 5.1, and depicted
in Figure 5.3 in order to see the similarities and dissimilarities between the inclusion geometries.
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CR(Ul)-O-O CR(Ul)-30-0 CR(Ul)-60-0
SQ(Pl)--45-0 SQ(Pl)-30-0 SQ(Pl)-60-0 SQ(Pl)-75-0
SQ(Ul)- -45-0 SQ(Ul)-30-0 SQ(Ul)-60-0 SQ(Ul)-75-0
Table 5.1 - The square and circle double inclusion geometries tested in this study. The
geometries with inclination similarities are grouped into the same column (refer to Figure
5.3).
00 OO
O
O
Figure 5.3 - Depiction of the square and circle double inclusion geometries.
5.3 Crack Initiation and Propagation
The cracking behavior of the circle and square double inclusion specimens was very similar to
what was observed with the single inclusions (refer to Section 4.3). To summarize, tensile
cracks first initiated at a plaster interface and then propagated into the surrounding matrix. As
the load increased, the same tensile cracks propagated into the plaster inclusion. Regarding
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CR(Pl)-0-0 CR(Pl)-30-0 CR(Pl)-60-0
Ultracal inclusions, tensile cracks commonly initiated at a debonded portion of the interface and
then propagated into the surrounding matrix. On occasion tensile cracks initiated within the
Ultracal inclusion, or just above and below the interface. Four basic tensile crack "types"
initiated in this double inclusion study (Figure 5.4 and 5.5). The four crack types are defined as
follows:
Type I- A tensile crack that propagates relatively straight.
Type II- A tensile crack that propagates with curvature.
Type III- A tensile crack that initiates at a pre-test surface crack.
Type IV- A tensile crack that initiates within the matrix.
(I)
(II)
(I)
(II)
Figure 5.4 - Typical tensile crack initiation and propagation at a square (left) and circle
(right) plaster inclusion.
(i)] (IV)
(III) I
Figure 5.5 - Typical tensile crack initiation and propagation at a square (left) and circle
(right) Ultracal inclusion.
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The initiation of shear cracks was again similar to what was reported with the single half-inch
inclusions (see Section 4.3). Shear cracks always initiated at the midpoints of the circular
inclusions, while shear cracks only initiated at the corners of square inclusions. After initiation,
shear cracks always propagated away from the inclusion. The propagation of shear cracks
typically resulted in the coalescence of the inclusion pair, which will be discussed in detail in
Section 5.4.
It was commonly observed that crack initiation started in one inclusion first, especially with the P
= 0O (circle) and p = -450 (square) series. This inclusion typically had a pre-test surface crack,
whereas the other did not (see Figure 5.6). Tensile cracks later initiated at the other inclusion
after extensive cracking already occurred at the first inclusion.
Figure 5.6 - A specimen containing two circular inclusions where extensive cracking
occurred at the left-hand inclusion prior to the right-hand inclusion. Notice the surface
crack located within the left-hand inclusion. Image taken from the analysis of specimen
CR(Ul)-O-OA.
It is important to determine whether a previously initiated crack affected the coalescence of the
inclusion pair. Typically, the overall cracking behavior associated with specimens of the same
geometry was dissimilar. For this reason a table depicting general crack sequences is not
presented, but comments will be made on those cracks preceding coalescence (Section 5.4).
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5.4 Coalescence Behavior
5.4.1 Coalescence Categories
As mentioned in Chapter 2, Wong (2008) studied the coalescence behavior of flaw pairs in
gypsum and marble. He used his definitions for the seven crack types (Figure 5.7) in order to
report nine different coalescence patterns (Figure 5.8), which will also be used to describe the
coalescence patterns observed in this study. A brief description of all nine coalescence
categories is as follows:
Category 1 - No coalescence. Tensile and/or shear cracks initiate at the flaw tips, but
coalescence does not occur.
Category 2 - Coalescence occurs in an indirect manner. Tensile and/or shear cracks
initiate at the flaw tips and propagate away from the flaw pair. Two or more of these
cracks then coalescence outside the bridging area.
Category 3 - Coalescence results from the propagation of one or two "type 2" shear
cracks that previously initiated at the inner flaw tips. Type 2 cracks are coplanar with
the existing flaw pair.
Category 4 - Coalescence results from the propagation of one or two "type 1" shear
cracks that previously initiated at the inner flaw tips. Type 1 cracks are not coplanar
with the existing flaw pair.
Category 5 - Coalescence results from one, or more, type 2 "S"-shaped shear cracks that
initiate at the inner flaw tips, while type 2 tensile crack segments initiate in between
the central bridging area.
Category 6 - One, or two, type 2 tensile cracks initiate independently at the inner flaw
tips and propagate until coalescence.
Category 7 - Coalescence results from a single type 1 tensile wing crack that initiates at
one inner flaw tip and propagates to the other flaw.
-93-
Category 8 - Coalescence results from one, or more, type 2 tensile cracks that initiate and
coalesce with the flaw tips of the same side. This type 2 tensile crack(s) does not
exhibit tensile wing crack behavior, and may contain short shear segments.
Category 9 - A single type 3 tensile crack initiates from one side of a flaw tip and
coalesces with the other side of the opposite flaw. Type 3 cracks are commonly
referred to as anti-wing cracks, and in this case may contain short shear cracking
segments.
T T
T 
I
(b) Type 2 tnlemt () Type 3 tanile ac( ast w ingas) acka
() Type shear crack (f) Type 2 se hear ak () Type 3 shear cock
Figure 5.7 - The seven crack types associated with a single flaw (Wong, 2008).
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2.dir ctoalescence by two r nmtiple
2 .00I acks(cacktypesvzy)
(2 acs) ( acs)
3 s Type 2 Scrack(s)
4 Type Is crac(s)
One or mre type 2 S crack(s) ad type 2 T
5 T;cack segmts between imer fiaw tps
Type 2 T crack(s). There may be occasional
6 T I short S sepnet pteslnt along the
7 Type 1 T cracks)
Flaw tips of the sane sid& lined up by T
crack(s) not dispaying wing appearnce
S (crack type not classied). hae Imary be
occasional s srt S egmets present along the
coalesceoe crack
Type 3 T cra s) linking gi tip of the top
fl aw and leoa ip of the botom flaw. There
may be occasional short S segments presemt
along the coalescence crack
Figure 5.8 - The nine coalescence patterns reported by Wong (2008), where T = tensile
and S = shear. Refer to Figure 5.7 for crack type descriptions.
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5.4.2 Circular Inclusions
Detailed analyses of specimens with double circular inclusions are presented in Appendix D. A
summary of the coalescence patterns observed in this experimental series is presented in Figure
5.9.
2/3
(4)
//O*W
3/3
Jc
3/3
(2) (4) (5)
3/3 3/3 2/3
Figure 5.9 - Coalescence patterns for the double, circular inclusion series. The number
in the top right-hand corner of each image represents the coalescence category (refer to
Figure 5.8) observed, while the fraction in the bottom right-hand corner represents the
number of specimens showing that particular behavior out of the number of specimens
tested.
Regardless of the inclusion material, the P = 00 series coalesced in a similar indirect manner; the
dominant coalescence category was a (2). All three Ultracal specimens coalesced in this fashion,
and two of the three plaster inclusions also coalesced in this way (the other plaster specimen did
not coalesce). Typically, a shear crack initiated at one of the inner inclusion boundaries and
propagated until a tensile crack initiated at the shear crack tip. Another shear crack then initiated
at the other inner inclusion interface and propagated until its coalescence with the first shear
crack. Primary tensile crack initiation did not appear to have a direct effect on coalescence, but
the initiation of the first shear crack typically occurred at the same inclusion where primary
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tensile crack initiation occurred (this will be defined as a possible effect on coalescence). This
possible effect occurred in all specimens except one which contained Ultracal inclusions. In this
specimen, shear crack initiation did not occur at the same inclusion as primary tensile crack
initiation (defined as no effect on coalescence).
The P = 300 series also coalesced in a similar manner regardless of inclusion material. The
coalescence pattern for all six specimens was category (4). A single shear crack initiated at one
of the inner inclusion interfaces and propagated in an "S"-shaped manner until its coalescence
with the other inner inclusion boundary. In two out of three specimens with plaster inclusions,
primary tensile crack initiation appeared to have no effect on coalescence. In the other
specimen, and all three Ultracal specimens, primary tensile crack initiation had a possible effect
on coalescence as the initiation of the first shear crack occurred at the same inclusion as primary
tensile crack initiation.
A difference in coalescence patterns between inclusions of different material was observed for
the 0 = 600 series, although both showed category (5) coalescence. For the plaster series, all
three specimens coalesced in the same way. A shear crack first initiated at the inner inclusion
boundary of one inclusion and propagated in the direction of the other inclusion. A tensile crack
then initiated at the tip of the shear crack and propagated until its coalescence with the other
inclusion. Two out of three specimens containing Ultracal inclusions also coalesced in a similar
manner, but typically coalescence occurred through two sets of cracks, as shown in Figure 5.9.
The tensile cracks initiated first at the Ultracal inclusion boundary and propagated vertically
towards the other inclusion. Shear cracks then initiated at the opposite inclusion interface and
propagated until coalescence with the tensile cracks. The other specimen coalesced similar to
the p = 600 plaster inclusions series. In all specimens, the propagations of primary tensile cracks
were directly involved in the coalescence of the inclusion pair (i.e., coalescence occurred along
these primary tensile cracks).
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Type II (2/3)
Unknown* (1/3) Possible (2/3)
Category 2 (2/3)
No Coalescence (1/3)
S 30 Type II (2/3) Possible (1/3)
' = 30' Category 4 (3/3)Boundary** (1/3) None (2/3)
p = 600 Type II (3/3) Direct (3/3) Category 5 (3/3) - two cracks
0 Possible (2/3)p = 0o Type II (3/3) Category 2 (3/3)None (1/3)
Type 1 (1/3)
1 = 30' Type III (1/3) Possible (3/3) Category 4 (3/3)
Type IV (1/3)
Type II (1/3) Category 5 (1/3) - two cracks
p = 60' Direct (3/3)Boundary** (2/3) Category 5 (2/3) - four cracks
* Unknown due to error during test (see Appendix D).
** First crack initiated at the lower loaded specimen boundary and propagated
towards an inclusion (refer to Appendix D).
*** A possible effect on coalescence is when the initiation of the first shear crack
occurred at the same inclusion as primary tensile crack initiation, while a
direct effect is when coalescence occurred along primary tensile cracks.
Table 5.2 - Summary of cracking behavior for the circular inclusion pair series.
Numbers in parentheses represent the number of specimens that experienced that trait
compared to the number of specimens tested.
5.4.3 Square Inclusions
Detailed analyses of specimens with double square inclusions are presented in Appendix E. A
summary of the coalescence patterns observed in this experimental series is presented in Figure
5.10.
The coalescence patterns observed for the P = -450 series differed depending on inclusion
material. The Ultracal inclusions all coalesced directly with a category (3) pattern. A single
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P = 0
shear crack initiated at the comer of one inclusion and propagated towards the opposite comer of
the other inclusion. The plaster inclusions typically coalesced in an indirect manner (category 2).
A shear crack initiated at one corner of an inclusion and propagated towards the other inclusion's
opposite corner. A tensile crack then initiated at the shear crack tip while another shear crack
initiated at the comer of the other inclusion. The third specimen with plaster inclusion coalesced
in the same way as the Ultracal inclusions. Primary tensile crack initiation had a possible effect
on coalescence in all specimens, since the initiation of the first shear crack always occurred at
the same inclusion as primary tensile crack initiation.
(2) (4) (3) (5)
1/3 1/3
2/3 (2/3 no coal.) (1/3 no coal.) 2/3
(3) (4) (3) (5)
3/3 3/3 2/3 2/3
Figure 5.10 - Coalescence patterns for the double, square inclusion series. The number
in the top right-hand comer of each image represents the coalescence category observed,
while the fraction in the bottom right-hand comer represents the number of specimens
showing that behavior out of the number of specimens tested.
The specimens of the P = 300 series all coalesced in the same way regardless of inclusion
material. Coalescence occurred through a single shear crack that initiated at one inner comer of
an inclusion and propagated to the same inner corner of the other inclusion (category 4). Two
out of the three plaster inclusions, however, did not coalesce at all. In these "non-coalescing"
tests, tensile cracks typically initiated at one of the loaded specimen boundaries and propagated
towards the other loaded boundary, which eventually resulted in detachment (Figure 5.11).
Tensile cracks also initiated at the inclusion boundaries and propagated towards both loaded
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specimen boundaries, which resulted in the splitting (and failure) of the specimen. Primary
tensile crack initiation had a possible effect on coalescence in all specimens, except for one
which contained Ultracal inclusions. In this specimen, shear crack initiation did not occur at the
same inclusion as primary tensile crack initiation (i.e., no effect on coalescence).
_It
m1 C
End Platens End Platens End Platens
Figure 5.11 - Typical "no coalescence" sequence for the double, square inclusion series.
The 3 = 600 series also coalesced in the same manner regardless of inclusion material. A single
shear crack initiated at the innermost corner of one inclusion and propagated directly to the
innermost comer of the opposite inclusion (category 3). The reason why this coalescence pattern
is defined as category (3) versus category (4), is because (unlike the square and circular P = 300
series) the shear crack propagated along the double inclusion's bridging area (refer to Figure 5.8
and Section 5.4.1). No coalescence occurred in one specimen containing plaster inclusions (refer
to Figure 5.11), while coalescence occurred similarly to the 0 = 750 plaster series in the other
specimens. Two out of the three Ultracal inclusions coalesced as described, while the other
specimen coalesced in the same way as the Ultracal P = 300 series. Primary tensile cracks had a
possible effect on coalescence in all three specimens containing Ultracal inclusions. Primary
cracks had no effect in one specimen containing plaster inclusions, while a direct effect was
observed in the other specimen that experienced coalescence.
As mentioned earlier, the 3 = 750 series was cast in order to account for the inclination
differences between the square and circular inclusions. As a result, the 13 = 600 circular series
and the [ = 750 square geometries are very similar in appearance (refer to Figure 5.3) and both
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series have similar coalescence patterns. The coalescence of the 0 = 750 square series can be
described as category (5), and this occurred in two out of the three plaster and Ultracal
specimens tested. A tensile crack initiated at an innermost inclusion corner and propagated
vertically towards the other inclusion. A shear crack then typically initiated at the innermost
comer of the opposite inclusion and propagated until its coalescence with the tensile crack.
Occasionally, the shear crack initiated at the tensile crack tip and then propagated until its
coalescence with the opposite inclusion interface. The third test with plaster and Ultracal
inclusions did not coalesce (refer to Figure 5.11). In all coalescing specimens, the propagations
of primary tensile cracks were directly involved in the coalescence of the inclusion pair.
Type I (2/3)
Type II (1/3)
Type IV (1/3)
Possible (2/3) Category 2 (2/3)No Coalescence (1/3)
S= 300 Type I (3/3) Possible (1/3) Category 4 (1/3)S= 30 Type (3/3) Possible (1/3) No Coalescence (2/3)
Category 3 (1/3)
= 60" Type I (2/3) Direct (1/3) Category 3 (1/3)Type III (1/3) None (1/3) Category 4 (1/3)
No Coalescence (1/3)
= 75' Type II (2/3) Direct (2/3) Category 5 (2/3) - two cracksType III (1/3) No Coalescence (1/3)
Type 11 (1/3)
3 = 00 Type III (1/3) Possible (3/3) Category 3 (3/3)
Type IV (1/3)
Type I (1/3)p = 300 Type II (1/3) Possible (2/3)
3 = 600 Type II (1/3) Possible (/3) Category 4 (3/3)
Type 11 (1/3) I /3) Possible (3/3) Category 3 (2/3)
Type 111 (1/3) Category 4 (1/3)
P = 750 Type III (1/3) Direct (2/3) Category 5 (2/3) 
- two cracksType IV (1/3) No Coalescence (1/3)
Table 5.3 - Summary of cracking behavior for the square inclusion pair series. Numbers
in parentheses represent the number of specimens that experienced that trait compared to
the number of specimens tested.
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P = 0
5.5 Stress Analysis
5.5.1 Introduction
The previous sections of this chapter provided a visual interpretation for the cracking behavior of
specimens containing double inclusions. An analysis of the quantitative data collected during
each test will now be presented. These data include the various stresses, strains, and stress ratios
described in Chapter 3.
5.5.2 Maximum Stress
Each specimen was loaded until a maximum stress value was reached (i.e., failure). Two figures
are presented below. Figure 5.12 plots the maximum stress for each specimen containing double
circular inclusions, while Figure 5.13 plots the maximum stress for the double square inclusions.
As shown in Figure 5.12, there does not appear to be a correlation between the inclination angle
of the circular inclusions and the maximum stress of the specimen. There is a slight increase in
the average maximum stress for specimens with plaster inclusions as the inclination angle
increases, however. Also with an increase of inclination angle, the average maximum stress for
specimens with plaster inclusions was higher than that of Ultracal inclusions. Figure 5.13 shows
that there is another complex relationship between the inclination angle of square inclusions and
their specimen's respective maximum stress. Again, the specimens containing plaster inclusions
had a higher average maximum stress compared to the Ultracal inclusions. The maximum stress
for the Ultracal inclusions generally decreases as the inclination angle increase, except for 1 =
750. This cannot be said of the plaster inclusions as no such relationship appears to exist.
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Maximum Stress vs. Inclination Angle
38
36
34
32
S30
28
26
24
O Circle Plaster Inclusions
- Circle Plaster Inclusions Average
* Circle Ultracal Inclusions
- Circle Ultracal Inclusions Average
0 30
Inclination Angle (O)
0 30 60 75
Inclination Angle (o)
Figures 5.12 & 5.13 - Maximum stresses for the circular (top) and square (bottom)
double inclusion series. The solid points represent the values for the Ultracal inclusions,
while the hollow points represent the values for the plaster inclusions. The lines connect
the averages for each inclination angle and material type.
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Maximum Stress vs. Inclination Angle
The reason why the plaster inclusions had a higher average maximum stress compared to the
Ultracal inclusions may be the result of pre-test surface cracks, which were more predominant in
Ultracal inclusions. For example, all three specimens in the circular 3 = 300 Ultracal series
contained pre-test surface cracks, while the other two series (3 = 00 & 600) only had one
specimen containing visible pre-test surface cracks. This may explain the drop in maximum
stress shown in Figure 5.12. Also, all of the specimens in the circular P = 00 plaster series
contained pre-test surface cracks, which may explain the lower relative maximum stresses
compared to the other plaster series in Figure 5.12. Regarding the square series, eleven out of
twelve Ultracal specimens contained visible pre-test surface cracks, while only three out of the
twelve plaster specimens contained surface cracks. Further investigation into the effects of
surface cracks is still needed, however.
5.5.3 Crack Initiation Stress and Stress Ratio
The tensile crack initiation stresses for the double circular inclusions are presented in Figure
5.14. For the most part, the averages follow a similar trend as the maximum stress averages
shown in Figure 5.12. Generally, tensile crack initiation occurred at Ultracal inclusions at lower
stresses than plaster inclusions.
The tensile crack initiation stresses for the double square inclusions are presented in Figure 5.15.
Again, a similar trend as for the maximum stress values of Figure 5.12 exists. Regarding the
plaster inclusions, the tensile crack initiation stress increases slightly from 0 (i.e., f = -450) to P =
30'; after 0 = 300, there is a gradual decrease as the inclination angle increases. The opposite
can be said of the Ultracal inclusions. The tensile crack initiation stress decreases as the
inclination angle increases until P = 600, then a sharp increase in tensile crack initiation stress is
observed when 3 = 750 . In general, the tensile crack initiation stresses for the square Ultracal
inclusions were much lower than the circular Ultracal inclusions. This again may be the result of
pre-test surface cracks, which were dominant in square inclusions compared to circular
inclusions.
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Tensile Crack Initiation Stress vs. Inclination Angle
40
35
30
S25
20
15
10
5
0 Circle Plaster Inclusions
- Circle Plaster Inclusions Average
* Circle UltracalInclusions
- Circle Ultracal Inclusions Average
0 30
Inclination Angle (0)
Tensile Crack Initiation Stress vs. Inclination Angle
40
35
O
20 - .
--
O20
15
0 Square Plaster Inclusions
10 - Square Plaster Inclusions Average
M Square Ultracal Inclusions
-Square Ultracal Inclusions Average
0 30 60 75
Inclination Angle (0)
Figures 5.14 & 5.15 - Tensile crack initiation stresses for the circular (top) and square
(bottom) double inclusion series. The solid points represent the values for the Ultracal
inclusions, while the hollow points represent the values for the plaster inclusions. The
lines connect the averages for each inclination angle and material type.
- 105 -
The tensile crack initiation stress ratios for both double inclusion shapes are presented in Figure
5.16 and 5.17. Tensile cracks typically initiated at lower stresses at Ultracal inclusions compared
to plaster inclusions. By comparing Figures 5.16 and 5.17 to Figures 5.12 and 5.13, it appears
that earlier tensile crack initiations resulted in a lower maximum stress of the respective
specimens. The average tensile crack initiation ratios are presented in Table 5.4.
Tensile Crack Initiation Stress Ratio vs. Inclination Angle
0.8
I
0.7
0.6
S0. -I----------- -- . - - -
o Circle Plaster Inclusions
0.5 - Circle Plaster Inclusions Average
* Circle UltracalInclusions
Circle Ultracal Inclusions Average
0.4
0 30 60
Inclination Angle (o)
Figures 5.16 - Tensile crack initiation stress ratios for the circular, double inclusion
series. The solid points represent the values for the Ultracal inclusions, while the hollow
points represent the values for the plaster inclusions. The lines connect the averages for
each inclination angle and material type.
- 106-
Tensile Crack Initiation Stress Ratio vs. Inclination Angle
O O E
0.7 --.
0.6
fl Square Plaster Inclusions
- Square Plaster Inclusions Average
U Square Ultracal Inclusions
-Square Ultracal Inclusions Average
0 30 60
Inclination Angle (0)
Figures 5.17 - Tensile crack initiation stress ratios for the square, double inclusion series.
The solid points represent the values for the Ultracal inclusions, while the hollow points
represent the values for the plaster inclusions. The lines connect the averages for each
inclination angle and material type.
Table 5.4 - Average tensile crack initiation ratios for the specimens containing double
inclusions.
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5.5.4 Coalescence Stress
The coalescence of the inclusion pairs typically occurred after the maximum stress of the
specimen. Therefore, the coalescence strain ratios for both double inclusion shapes are presented
in Figure 5.18 and 5.19. There is a notable difference between the circular coalescence strain
ratios and the square strain ratios. The circular strain ratios, especially the Ultracal inclusions,
increase slightly as the inclination angle increases. The ratios for the square inclusions, however,
generally decrease as the inclination angle increases. There is a large decrease when f3 = 600
for the Ultracal, square inclusions (the only instance when coalescence occurred prior to the
specimen's maximum stress). The average coalescence strain ratios are presented in Table 5.5.
Coalescence Strain Ratio vs. Inclination Angle
1.5
1.4
1.3
. 2
" 1.1
' 0.9
O Circle PlasterInclusions0.8
_ Circle Plaster Inclusions Average
0.7 _ Circle Ultracal Inclusions
-Circle Ultracal Inclusions Average
0.6
0 30 60
Inclination Angle (o)
Figures 5.18 - Coalescence strain ratios for the circular, double inclusion series. The
solid points represent the values for the Ultracal inclusions, while the hollow points
represent the values for the plaster inclusions. The lines connect the averages for each
inclination angle and material type.
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Coalescence Strain Ratio vs. Inclination Angle
1.6
1.5 -
1.4
1.1
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Figures 5.19 - Coalescence strain ratios for the square, double inclusion series. The solid
points represent the values for the Ultracal inclusions, while the hollow points represent
the values for the plaster inclusions. The lines connect the averages for each inclination
angle and material type.
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Table 5.5 - Average
inclusions.
coalescence strain ratios for the specimens containing double
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5.6 Conclusions
Several uniaxial compression tests were conducted on specimens containing double inclusions.
These inclusions were either circular or square shaped, and of various stiffnesses. The
observations made regarding the fracture behavior, as well as stress performance, for each
specimen was discussed in this chapter.
Typically, the cracking processes associated with the double inclusion series were very similar to
the half-inch, single inclusion series. Tensile cracks always initiated first and were then followed
by the initiation of shear cracks at the inclusion boundary. The propagation of these shear cracks
resulted in the coalescence of the inclusion pair. In many cases, the initiation of primary tensile
cracks had some effect on coalescence. This effect was either direct (when coalescence involved
a primary crack) or possible (when the coalescing crack initiated at the same inclusion as
primary tensile crack initiation). Typically, a direct effect on coalescence only occurred for the
circular 3 = 600 series and the square P = 750 series. Possible effects on coalescence were
common in all other series. Table 5.6 presents a summary of the coalescence patterns observed
in this study, along with the results presented by Wong (2008). It was determined that the
coalescence patterns observed by Wong (2008) are also suitable for describing the coalescence
patterns in this study.
A complex relationship exists between the maximum stress and tensile crack initiation stress of
both circular and square inclusions. Specimens containing plaster inclusions typically had a
higher maximum stress and tensile crack initiation stress. As mentioned previously, this is
possibly a result of pre-test surface cracks located especially within square, Ultracal inclusions.
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Wong (2008)
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Table 5.6 - Sketch of the double inclusion coalescence patterns, compared to those reported by Wong (2008)
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CHAPTER 6 - Summary, Conclusions, and
Recommendations for Future Research
6.1 Introduction
The cracking behavior associated with a brittle material containing inclusions is very
complicated. Moreover, the strength of brittle material is governed by the initiation,
propagation, and coalescence of cracks during loading. This is a significant issue when these
cracks initiate in tension since the tensile strength of a brittle material is very low. In the past,
researchers have tried to experimentally (e.g., Zaitsev and Wittmann, 1981; Maji and Shah,
1989; 1990; Zhang and Gjorv, 1990; Aulia, 2000) and analytically (e.g., Zaitsev and Wittmann,
1981; Tasdemir et al., 1989) identify the various cracking processes associated with a brittle
material containing inclusions. The purpose of this study was to observe the cracking processes
associated with specimens of gypsum containing inclusions of different geometries, sizes,
stiffnesses, and orientations.
This chapter will provide a summary of the experiments performed in this study (Section 6.2),
compare the observations made in this study to previous studies (Section 6.3), and based on this,
reach conclusions (Section 6.4). The latter allow one to identify where further work is needed in
this research (Section 6.5).
6.2 Experimental Summary
6.2.1 Experimental Procedure
Unconfined, uniaxial compression tests were conducted on prismatic gypsum specimens
containing either one, or two, inclusions. The dimensions of these specimens were roughly 6
inches (height) x 3 inches (width) x 1.25 inches (thickness). Inclusion size (one-inch or half-
inch), shape (square, circle, hexagon, or diamond), strength, and stiffness were varied. These
inclusions were made of plaster (lower strength and stiffness relative to the matrix) or Ultracal
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(higher strength and stiffness relative to the matrix). During each test, high speed and real-time
video were captured. Real-time video was recorded throughout the entire test, while the high
speed video was only taken when a significant cracking event occurred (i.e., failure, coalescence,
etc.). These recordings were used to visually analyze the cracking processes at the specimen
surface. Load-displacement data were also acquired for each of the experiments, which were
then synchronized with the video recordings in order to obtain a full account of crack initiation,
propagation, and coalescence (if the latter is applicable). Comprehensive analyses for each
specimen were then prepared, which can be found in Appendices B through E.
6.2.2 Single Inclusions
The first part of this study examined the cracking sequences associated with specimens
containing single inclusions (Chapter 4). Figures 6.1 and 6.2 present a summary of typical crack
sequences and relative stress levels for each inclusion size, shape, and material. The relative
stress level at each stage was calculated by normalizing the respective stress level with the
maximum stress of the specimen and is reported at the top right-hand comer of every image. A
ratio of the number of specimens that exhibited the trend to the total number of specimens is also
reported at the bottom of each image (for more details refer to Section 4.6.1).
To summarize, tensile cracks first initiated at the interface of a plaster inclusion and propagated
into the surrounding matrix. As the load increased, the same tensile cracks then propagated into
the inclusion. Regarding Ultracal inclusions, tensile cracks commonly initiated at a debonded
portion of the interface and then propagated into the surrounding matrix; on occasion tensile
cracks initiated just above and below the interface.
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(95%)
(90%) (93%) (95%)
2/3 3/3 3/3
(94%) (95%) (99%+)
2/3 one side 2/3 one side 2/3 one
1/3 both sides 113 both sides 1/3 both sides
Figure 6.1 - Crack sequences for the single, half-inch inclusions
for details).
(refer to Section 4.6.1
In addition to the effects caused by the strength (and stiffness) of an inclusion, the size and shape
of an inclusion also had particular effects. Specifically, an increase in debonding was observed
as the inclusion size decreased. Debonding occurred at the same locations (i.e., the left and right
interface) for both sizes, however. Comparison between Figures 6.1 and 6.2 shows that tensile
crack initiation was also affected by inclusion size, as it typically occurred at lower stress levels
in specimens containing one-inch inclusions compared to half-inch inclusions. Shape had an
effect on the location of tensile crack initiation. Diamond inclusions, for example, always
experienced tensile crack initiation at the upper and lower interface points, regardless of material
type (Figure 6.2).
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Figure 6.2 - Crack sequences for the single, one-inch inclusions (refer to Section 4.6.1
for details).
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In addition to tensile cracks, two types of shearing occurred (i.e., shear crack propagation into
the specimen matrix and shearing of the inclusion interface). The location of matrix shear crack
initiation depended on inclusion geometry, as shear cracks typically initiated at the bottom
comers of a square inclusion but always initiated at the centers of the other inclusion shapes.
The initiation of shear cracks also occurred less frequently as the inclusion size decreased. As
shown in Figure 6.2, the shape of the inclusion seemed to govern the extent of shearing at the
inclusion interface, which typically occurred just before specimen failure (i.e., at 99% of max
stress or later). Shearing at the interface was observed for hexagonal and diamond shaped
inclusions. Regarding the diamond inclusion series, shearing at the interface occurred
"simultaneously" with tensile crack initiation (and failure) at the upper and lower interface. The
amount of debonding caused by shearing at the interface typically increased as the inclination of
a respective inclusion interface increased with respect to the direction of the applied load. Post-
mortem investigations showed that diamonds experienced extensive interface shearing (100%),
while hexagons experienced moderate shearing (-75%).
The maximum stresses for specimens containing one-inch and half-inch inclusions are shown in
Figures 6.3 and 6.4, respectively. The maximum stresses for the one-inch inclusion geometries
were remarkably different, with the circular inclusions having the highest average maximum
stress. Additionally, unlike what was observed with the one-inch inclusions, the average
maximum stress for the half-inch circular inclusions was less than the square inclusions. With a
decrease in inclusion size, the maximum stress for specimens containing square inclusions
increased about fifty percent; the maximum stress for circular inclusions increased five to twenty
percent (refer to Figures 6.3 and 6.4).
In this study pre-test surface cracks were common in square, diamond, and hexagon shaped
inclusions, but not in circular inclusions (this may suggest that there is an effect of the non-
uniformity of certain inclusion geometries). Moreover, the amount of pre-test surface cracks
decreased as the inclusion size decreased. Pre-test surface cracks were assumed to have an effect
on the tensile crack initiation stress of the specimen (refer to Table 6.1). Only the Ultracal,
hexagon series and the plaster, diamond series had instances where surface cracking existed in
some specimens but not in the others; in these cases there are clear differences between the
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tensile crack initiation stress ratios (i.e., tensile crack initiation stress divided by the maximum
stress of the respective specimen). A separate experimental investigation stills needs to be
performed, however, in order to confirm these observations.
Plaster w/
surf. cracks
N/A 62.9% 62.6% N/A
Plaster w/o 70.9% N/A 92.1% 66.7%
surf. cracks
racN/A 81.3% N/A 64.9%
Ultracalw/o 93.7% 99.9% 99.9% N/A
surfcracks
Table 6.1 - A comparison of average tensile crack initiation ratios (i.e., tensile crack
initiation stress divided by the maximum stress of the specimen) between one-inch
inclusions containing surface cracks, versus no visible surface cracks. Notice the tensile
crack initiation stress differences in the Ultracal, hexagon inclusion series and the plaster,
diamond inclusion series.
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Maximum Stress vs. 1/2" Inclusion Geometry
- Plaster Inclusion Average
- ULTRACAL Inclusion Average
. []
Circle Square
1/2" Inclusion Geometry
Figures 6.3 & 6.4 - Maximum stresses for the one-inch (top) and half-inch (bottom)
inclusion series. The solid points represent the values for the Ultracal inclusions, while
the hollow points represent the values for the plaster inclusions. The lines connect the
averages for each geometry and material type.
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Maximum Stress vs. 1" Inclusion Geometry
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6.2.3 Double Inclusions
The second part of this study examined the cracking sequences associated with specimens
containing double inclusions. The size of these inclusions (half-inch) was the same for each
specimen, while the shape was either circular or square. A visual (Figures 6.5 and 6.6) and
descriptive (Tables 6.2 and 6.3) summary of typical coalescence patterns for each specimen
geometry is presented. The number at the top right-hand comer of each image represents the
coalescence category observed (refer to Section 5.4.1), while the fraction at the bottom right-
hand corner represents the number of specimens showing that particular behavior out of the
number of specimens tested.
Typically, the tensile cracking processes associated with the double inclusion series were very
similar to the single inclusion series. Four basic tensile crack types were defined in this study as
follows:
Type I- A tensile crack that propagates relatively straight,
Type II- A tensile crack that propagates with curvature,
Type III - A tensile crack that initiates at a pre-test surface crack,
Type IV- A tensile crack that initiates within the matrix.
One of these tensile crack types always initiated first, which was then followed by the initiation
of matrix shear cracks at the inclusion boundary. The propagation of these shear cracks into the
matrix resulted in the coalescence of the inclusion pair (either exclusively or in connection with
tensile cracks, as described next). In many cases, the initiation of primary tensile cracks had
some effect on coalescence. This effect was either direct (when the coalescence involved a
primary crack) or possible (when the coalescing crack initiated at the same inclusion as primary
tensile crack initiation). Typically, a direct effect on coalescence only occurred for the circular P
= 600 series and the square P = 750 series. Possible effects on coalescence were common in all
other series.
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2/3 3/3 3/3
(2) (4) (5)
Mr 3/3 2M
Figure 6.5 - Coalescence patterns for the circular inclusion pair series. The number in
parenthesis represents the coalescence category observed (refer to Section 5.4.1), while
the fraction represents the number of specimens showing that particular behavior out of
the number of specimens tested.
Type II (2/3)
Unknown* (1/3) Possible (2/3)
Category 2 (2/3)
No Coalescence (1/3)
= 300 Type II (2/3) Possible (1/3) Category 4 (3/3)Boundary** (1/3) None (2/3)
p = 600 Type II (3/3) Direct (3/3) Category 5 (3/3) - two cracks
13 =0 Type II (3/3) Possible (2/3) Category 2(3/3)None (1/3)
Type 1 (1/3)
3 = 300 Type III (1/3) Possible (3/3) Category 4 (3/3)
Type IV (1/3)
S= 60 Type II (1/3) Category 5 (1/3) - two cracksBoundary** (2/3) Direct (3/3) Category 5 (2/3) - four cracks
* Unknown due to error during test (see Appendix D).
** First crack initiated at the lower loaded specimen boundary and propagated
towards an inclusion (refer to Appendix D).
*** A possible effect on coalescence is when the initiation of the first shear crack
occurred at the same inclusion as primary tensile crack initiation, while a
direct effect is when coalescence involved primary tensile cracks.
Table 6.2 - Summary of cracking behavior for the circular inclusion pair series.
Numbers in parentheses represent the number of specimens that experienced that
behavior compared to the number of specimens tested.
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3 = 0
2/3 1/3(2/3 no coal.)
1/3(1/3 no coal.) -r
(3) (4) (3) (5)
3/3 3/3 2/3 2/3
Figure 6.6 - Coalescence patterns for the square inclusion pair series. The number in
parenthesis represents the coalescence category observed, while the fraction represents
the number of specimens showing that particular behavior out of the number of
specimens tested.
p = 00 Type 1(2/3)Type 11 (1/3)
Type IV (1/3)
Possible (2/3) Category 2 (2/3)No Coalescence (1/3)
Category 4 (1/3)p = 300 Type 1 (3/3) Possible (1/3) Coalescence (/3)No Coalescence (2/3)
S=60 Type 1 (2/3) Direct (1/3) Category 3 (1/3)Type III (1/3) None (1/3) No Coalescence (1/3)
750 Type II (2/3) Direct (2/3) Category 5 (2/3) - two cracks
Type III (1/3) No Coalescence (1/3)
Type II (1/3)
p = 00 Type III (1/3) Possible (3/3) Category 3 (3/3)
Type IV (1/3)
Type 1(1/3)Type I (1/3) Possible (2/3)p = 300 Type 11 (1/3) Possible (/3) Category 4 (3/3)
Type III (1/3) None (1/3)
Type II (2/3) Category 3 (2/3)
Type III (1/3) Possible (3/3) Category 4 (1/3)
Type II (1/3)3 = 750 Type III (1/3) Direct (2/3) Category 5 (2/3) - two cracks
Type IV (1/3) No Coalescence (1/3)
Table 6.3 - Summary of cracking behavior for the square inclusion pair series. Numbers
in parentheses represent the number of specimens that experienced that trait compared to
the number of specimens tested.
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A complex relationship exists between the maximum stresses of both circular and square
inclusion pairs (refer to Figures 6.7 and 6.8). Specimens containing plaster inclusions typically
had a higher maximum stress and tensile crack initiation stress (refer to Figures 5.14 & 5.15)
compared to specimens containing Ultracal inclusions. As mentioned previously, this is possibly
a result of pre-test surface cracks located especially within Ultracal inclusions. For example, all
three specimens in the Ultracal, circular P = 300 series contained pre-test surface cracks, while
the other two series (3 = 0' & 60') only had one specimen containing visible pre-test surface
cracks. This may explain the drop in maximum stress shown in Figure 6.7. Also, all of the
specimens in the circular 1 = 00 plaster series contained pre-test surface cracks, which may
explain the lower relative maximum stresses compared to the other plaster series in Figure 6.7.
Regarding the square series, eleven out of twelve Ultracal specimens contained visible pre-test
surface cracks, while only three out of the twelve plaster specimens contained surface cracks.
Further investigation into the effects of surface cracks is still needed, however.
A major difference between the double inclusion series and the single inclusion series was the
significance of shear crack initiation at the inclusion interface and propagation into the matrix.
For specimens containing single inclusions, shear crack propagation was a "randomly" occurring
result of specimen failure. The extent and direction of shear crack propagation differed even
with specimens of the same type. With the double inclusion series, however, shear crack
initiation and propagation was consistent, common, and could be related to specific geometries.
In order to study the various interaction effects of inclusions further, additional testing needs to
be done.
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Maximum Stress vs. Inclination Angle
O Square Plaster Inclusions
- Square Plaster Inclusions Average
N Square Ultracal Inclusions
- Square Ultracal Inclusions Average
0 30 60 75
Inclination Angle (o)
Figures 6.7 and 6.8 - Maximum stresses for the circular (top) and square (bottom) double
inclusion series. The solid points represent the values for the Ultracal inclusions, while
the hollow points represent the values for the plaster inclusions. The lines connect the
averages for each inclination angle and material type.
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6.3 Comparison with Previous Results
Various similarities exist between this study and others performed in the past. A review of the
background chapter (Chapter 2) is presented below in bullet format. Comparisons with this
study are also provided when possible (i.e., where similar observations were made). The
research done by Maji and Shah (1989) contained many similarities to the work done in this
study, and will therefore be discussed in detail at the end of the review.
* Zhang and Gjorv (1990) - performed SEM analyses on lightweight aggregate interfaces
and concluded that as the porosity of the interface increased, so did the homogeneity of
the interface (i.e., the quality of the bond).
* Lo and Cui (2004) - performed SEM analyses on aggregate interfaces of various
strengths and concluded that lightweight aggregate have smaller interface thicknesses
compared to normal-weight aggregate.
* Hansen (1958) & Neville (1997) - stated that the difference between the elastic constants
of the matrix and aggregate had the greatest effect on the internal stress distribution of a
composite material (assuming linear elastic behavior).
* Goodier (1933) - calculated closed form solutions to predict the stress concentration
values surrounding a spherical particle within a matrix subjected to a far field
compressive stress.
These same solutions were used in this study in order to explain the observed
cracking processes, and were shown to describe the different cracking behavior
well.
* Aulia (2000) - performed experiments on specimens where the elasticity modulus of the
matrix (Em) and aggregate (Ea) were either similar, or very different. When Em << Ea
microcracking (which later propagated into the matrix) initiated at the top and bottom of
the aggregate interfaces (i.e., parallel to the direction of compressive load). When Em
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Ea microcracking (which later propagated into the matrix) initiated at the sides of the
aggregate interfaces.
A comparison cannot be made with the Em = Ea series, but observations in this
study disagree with the Em << Ea series as debonding typically initiated at the
sides of a circular, Ultracal inclusion prior to tensile crack initiation. According
to Aulia (2000) tensile cracks should initiate at the upper and lower boundaries of
high-strength inclusions, though he does not provide detailed reasoning (refer to
Section 2.4)
Zaitsev and Wittmann (1981) - applied the sliding crack model to the analysis of a single
polygon inclusion within a matrix subjected to a far field compressive load, in order to
study crack propagation along the interface. They showed that an inclined interface
microcrack will begin to propagate in shear due to normal stresses on the interface, but
then at the ends of the interface the same crack will propagate into the matrix in tension
(assuming that the tensile strength of the matrix is much lower than its compressive
strength). A similar analysis for a matrix containing two polygonal inclusions was also
performed. Crack propagation along the interface of a second inclusion was studied
assuming a single tensile crack (from the first inclusion) results in the coalescence of the
two inclusions.
Observations from the present hexagon and diamond one-inch inclusion series
agree with the polygonal model proposed by Zaitsev and Wittmann (1981), as
shearing along the inclined inclusion interfaces was commonly observed to occur
"simultaneously" with tensile crack initiation.
Comparison with the polygonal inclusion pair model can be made, even though
the assumption that coalescence occurs through a single tensile crack (which is
what Zaitsev and Wittmann (1981) assumed) was not seen in this study.
Typically, debonding was observed in this study when a tensile crack (that
previously initiated from a shear crack) coalesced with the other inclusion
boundary (refer to the circular f3 = 60' series).
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* Maji and Shah (1989) - performed experiments on specimens containing circular
inclusion and void pairs, and made observations regarding the specimen's cracking and
stress/strain behavior.
This previous study most closely resembles the work in this study and will,
therefore, be compared in detail at the end of the review.
* Tasdemir et al. (1989) - incorporated the principles of mixed-mode fracture to a crack at
a rectangular inclusion interface that refined the work done by Zaitsev and Wittmann
(1981). The analytical results were confirmed through experiments where specimens
containing single rectangular inclusions were cast at various inclination angles. The
results showed that the specimen's debonding, initiation, and failure stress decreased as
the inclusion's inclination angle increased (where horizontal = 00 and the maximum
inclination angle = 72').
Comparison can be made for the present square and diamond inclusion series, as
the diamond inclusions had an interface inclination angle of 450, while the square
inclusions had an interface inclination angle of 0O. The average failure stress for
the one-inch, diamond inclusion series was lower than the square series
(regardless of inclusion material). The average tensile crack initiation stress for
the plaster, diamond inclusion series was also lower compared to the plaster,
square series. However, the Ultracal, square series had a lower average tensile
crack initiation stress compared to the Ultracal, diamond series (as mentioned
earlier, this is likely a result of pre-test surface cracking).
* Maji et al. (1991) - performed experiments that verified the analytical work done by
Tasdemir et al. (1989) and showed that the initiation of cracks at a rectangular inclusion
interface was not purely tensile, but mixed-mode (tensile behavior dominated, however).
Observations from the one-inch diamond inclusion series showed that shearing at
the inclined interface occurred "simultaneously" with tensile crack initiation at the
upper and lower interface.
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Maji and Shah (1989) first created prismatic concrete specimens containing circular, limestone
inclusion pairs. Two series of specimens were created with one-inch and half-inch inclusions.
Maji and Shah (1989) reported that interface cracks typically propagated along the entire one-
inch limestone inclusion before propagating into the concrete matrix (Figure 6.9). These
interface cracks initiated at about thirty percent of the peak load. Maji and Shah (1989) also
noted that interface cracking initiated at various points around the inclusions. This suggests that
the interface cracks may not be purely tensile in nature, since initiation did not exclusively occur
at the right and left inclusion boundary. In this study, however, interface debonding only
occurred partially (prior to tensile crack initiation) and initiated at about ninety percent of the
peak load (refer to Section 6.2.1). Just prior to failure, Maji and Shah (1989) observed diagonal
cracking that commonly coalesced with previously initiated vertical matrix cracks (refer to
Figure 6.9). These diagonal cracks typically initiated at the sides of the inclusion boundary, and
post-mortem investigations showed that many of these cracks did not extend entirely through the
specimen.
0::: 0
Figure 6.9 - Sketch of bond crack initiation in a specimen containing one-inch inclusions
(left) and of the same specimen just prior to failure (right) (Maji and Shah, 1989).
Regarding the half-inch limestone inclusions, Maji and Shah (1989) reported that no interface
and negligible matrix cracking occurred. The cracking associated with the half-inch inclusion
series observed in this study, however, was quite extensive. It should be noted that the ligament
length of Maji and Shah's (1989) half-inch inclusion series was an inch longer than their one-
inch series (Figure 6.10). Emphasis was placed in this study on maintaining a constant ligament
length (0.5") for all specimens containing double inclusions. Wong (2008) showed that an
increase in ligament length decreased flaw interaction effects, and the same effect likely occurred
in the case of Maji and Shah (1989).
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Figure 6.10 - The specimen geometries tested by Maji and Shah (1989): (a) 1" diameter
limestone inclusion, (b) 1" diameter hole, (c) A" diameter limestone inclusion, (d) YA"
diameter hole.
Maji and Shah (1989) then created prismatic concrete specimens containing circular, one-inch
and half-inch holes. These specimens behaved differently than the specimens containing
inclusions. Matrix cracking always initiated at the top and bottom of the holes, and propagated
in the same fashion as the specimens containing inclusions. These specimens also experienced
minor diagonal cracking, and failed when the spalling of specimen pieces occurred at one of the
boundaries. The half-inch specimens failed at a higher stress, which again may be a result of the
different ligament lengths between the two geometries. These observations correspond well with
the observations from this study. The plaster inclusion series behaved quite similarly, especially
regarding the location of tensile crack initiation and the occurrence of detachment at the
specimen boundaries that resulted in failure.
There are three main differences between the experimental work done by Maji and Shah (1989)
and this study. They cast limestone inclusions within a concrete matrix. It can be assumed that
the mechanical properties of limestone and a typical concrete mortar are different; Maji and Shah
(1989) do not provide any details on their material's mechanical properties, however. In this
study, gypsum material was used for both the matrix and inclusions. Secondly, the specimen
matrices in this study were submerged in water prior to inclusion casting in order to improve the
quality of the interface (refer to Section 3.3.3). Maji and Shah (1989) cast their specimens using
conventional methods (i.e., the matrix paste was cast around dry inclusions). Maji and Shah
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(1989) also used holographic interferometry to capture cracking processes, while this study used
a high speed video system. An issue with the holographic interferometry system is that an
incremental loading rate had to be used in order to capture images, while the HSV system used in
this study allowed for a constant loading rate.
6.4 Conclusions
Many advances have been made in studying the cracking behavior associated with materials
containing inclusions. This study consisted of an experimental series that considered the effects
of inclusion shape, size, stiffness, and strength. While past researchers have performed
experimental and analytical studies with the same motives, none have made such extensive
efforts as this study. Four different inclusion shapes (square, circle, hexagon, and diamond) were
considered in this study to analyze the cracking behavior of a specimen containing a single
inclusion. Other researchers, however, were limited to either rectangular or circle inclusions.
Moreover, no other researchers until this study, with the exception of Maji and Shah (1989),
have systematically studied the interaction effects of an inclusion pair (with different shapes and
stiffnesses) set at various geometries.
Debonding (prior to tensile crack initiation) was found to be minor in all cases of this study, but
was slightly more extensive at the interfaces of half-inch inclusions compared to the one-inch
inclusions. When debonding initiated in this study, it typically occurred only at the right and left
inclusion boundaries. Other researchers such as Maji and Shah (1989), Tasdemir et al. (1990),
and Maji et al. (1991) all observed extensive interface debonding prior to tensile crack initiation,
however. Although it was believed to be attributed to the difference in the mechanical properties
of material between this study and others, along with specimen preparation methods, additional
experimental work needs to be performed. Moreover, a microscopic analysis (such as the ones
performed by Zhang and Gjorv (1990), and Lo and Cui (2004)) may contribute to understanding
this phenomenon.
Stress distributions were calculated in an attempt to explain the observed cracking processes
(specifically debonding and tensile crack initiation) for inclusions of different strengths and
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stiffnesses. The results of these closed formed solutions tend to agree with the results observed
in this study. Figure 6.11 shows the stress concentration factors associated with a hole (E = 0)
and a rigid inclusion (E = oo) set in an infinite plate subject to a vertical far field uniaxial
compressive stress. Both the tangential stress (Yo) and radial stress (or) concentration factors are
plotted. It is assumed that the Poisson's ratio (v) of the plate is 0.25.
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Figure 6.11 - Plots showing the tangential (ot) and radial (Gr) stress concentration factors
for a hole (left) and a rigid inclusion (right) cast within an infinite plate (for v = 0.25)
subject to a far field uniaxial compressive stress (Yo) in the vertical direction.
According to Figure 6.11, the matrix containing a hole experiences high tangential compressive
stresses (c, = 3o) at the right and left interface, and moderate tensile stresses (t = -,o) at the top
and bottom interface. Transition into a compressive stress then occurs further above and below
the hole. The matrix containing a rigid inclusion experiences different stress concentrations.
The top and bottom interface experiences compressive tangential stresses (oc z 0.380o), but a
transition into tensile stresses then occurs at about a distance of half the inclusion's radius from
the interface. Both the radial and tangential stresses are also plotted for the sides of the rigid
inclusion. Notice how the tangential stresses are compressive, while the radial stresses are
tensile.
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The closed form solutions can be compared to the cracking behavior observed in this study.
Figure 6.12 compares the cracking patterns for the Ultracal, circular inclusions to the "rigid
inclusion" model shown in Figure 6.11. As mentioned earlier, debonding (prior to tensile crack
initiation) only occurred at the sides of the inclusion interface. This agrees with the presence of
tensile radial stresses at the sides of the rigid inclusion model. Since the tensile strength of
gypsum is about a tenth of its compressive strength, tensile debonding might initiate first. It was
observed that tensile crack initiation occurred in the matrix (above and below the inclusion) in
some specimens containing half-inch inclusions. The plot in Figure 6.12 agrees with this
observation as tensile tangential stresses occur just above and below the inclusion.
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Figure 6.12 - A comparison of the Ultracal, circular inclusions to the plot showing the
tangential (at) and radial (or) stress concentration factors for the rigid inclusion in Figure
6.11.
The tendency for tensile crack initiation at the upper and lower interface of plaster inclusions
may also be explained through comparison to the "hole" model (Figure 6.13). According to the
closed form solutions, the magnitude of tangential tensile stresses at these locations is relatively
high. Again, since the tensile strength of a typical gypsum material is about a tenth of its
compressive strength, the assumption that tensile cracks should initiate at the top or bottom of
the interface can be made. This may also explain why tensile cracks initiated at plaster
inclusions at lower stresses compared to the Ultracal inclusions, since a high tensile stress
concentration may exist just above and below the plaster inclusion compared to the rigid
(Ultracal) inclusion model.
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Figure 6.13 - A comparison of the plaster, circular inclusions to the plot showing the
tangential (at) stress concentration factors for the model containing a hole in Figure 6.11.
Interestingly, these closed form solutions (along with the observations from this study) do not
agree with the tensile crack initiation results reported by Aulia (2000), but may agree with the
work done by Maji and Shah (1989). Aulia (2000) stated that when large differences between
Em and Ea exist, as for the case of a high-strength concrete (Em << Ea), microcracking will occur
at the top and bottom interface. He also states that when the differences between Em and Ea are
small, microcracking will occur at the interface sides. Aulia (2000) did not provide sound
reasoning to back up his theory (as discussed in Section 2.4), other than the fact that the theory
agreed with his experimental work. Aulia (2000) did not cast specimens containing single
inclusions, however, but mortar specimens containing numerous inclusions. The experimental
work performed by Maji and Shah (1989) may agree to some extent with the tensile crack
initiation predictions from the closed form solutions, considering they reported that typically the
entire inclusion debonded prior to tensile crack initiation. Therefore, the specimen may be
compared to the model containing a hole (used as this study's plaster model), which might
explain why tensile crack initiation commonly occurred at the top and bottom of the debonded
interfaces
The initiation of shear cracks (that propagated into the matrix) at an inclusion boundary was not
reported by any other researcher prior to this study. The propagation of shear cracks was a
common observation that resulted in the coalescence of all specimens containing inclusion pairs.
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As mentioned earlier, Maji and Shah (1989) commonly observed the initiation of "diagonal"
cracks at the sides of the inclusion interface. Maji and Shah (1989), however, did not report the
nature (tensile/shear) of these diagonal cracks. Based on the results from this study, these
diagonal cracks may have been shear cracks. One of the indicators used to determine the
initiation and propagation of shear cracks in this study was surface spalling, which would explain
Maji and Shah's (1989) post-mortem observations regarding diagonal cracks not extending
through the entire specimen.
In this study, interface shearing typically initiated at the inclined boundary of hexagon and
diamond inclusions. The results from Zaitsev and Wittmann (1981) and Maji et al. (1990)
essentially agree with the observations from this study. Zaitsev and Wittman (1981) attributed
this phenomenon to the presence of normal stresses on the inclined interface, and used it as a
fundamental assumption for their analytical work. Maji et al. (1991) experimentally determined
that the initiation of a crack at an inclined interface (that had previously experienced extensive
debonding) was in mixed-mode and may explain why tensile crack initiation and interface
shearing occurred "simultaneously" in this study.
Regarding specimens containing two inclusions, the coalescence patterns observed in this study
can to some extent be compared to the results of Wong (2008) for specimens containing a flaw
pair. The results of this study match those reported by Wong (2008) quite well (refer to Figure
6.14). For example, the horizontal inclusion pair (square and circle) and the horizontal, coplanar
flaw pair geometries reported by Wong (2008) both coalesced indirectly along two or more
cracks. The experimental series performed by Maji and Shah (1989) on horizontal inclusion
pairs also agrees with the results from this study, as both studies observed that the horizontal
inclusion pair typically coalesced indirectly (Figures 6.5 and 6.9). The analytical study
performed by Zaitsev and Wittman (1981) can also be compared to this study. As mentioned
earlier, Zaitsev and Wittman (1981) assumed that coalescence only occurred along a single
tensile crack as they were only analyzing overlapping inclusion pairs. In this study, however,
coalescence never occurred through a single tensile crack; this may be explained by the fact that
no specimens containing overlapping inclusions were tested in this study. In some specimens
where the inclusion inclination angle was large, however, the propagation of tensile cracks
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(which previously initiated at a shear crack) resulted in coalescence. Figure 6.15 presents a
visual comparison of the coalescence patterns observed by Zaitsev and Wittman (1981), Wong
(2008), and this study. To fully confirm the similarities, it will be necessary to test specimens
containing overlapping inclusion geometries.
PLASTER ULTRACAL PLASTER ULTRACAL
INCLUSIONS INCLUSIONS INCLUSIONS INCLUSIONS Wong (2008)
2/3 3/3 2/3 3/3 (2 rac
0 0--*lt no oal.) 3/3.3/3 2/3 (I2/32/
i cracks)
Figure 6.14 - Sketch of the double inclusion coalescence patterns from this study,
compared to those reported by Wong (2008).
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Coalescence
Coalescence
Figure 6.15 - A comparison of the coalescence patterns observed by Zaitsev and
Wittmann (1981) (left), this study (center), and Wong (2008) (right).
6.5 Recommendations for Future Research
The experimental work performed by Maji and Shah (1989), Tasdemir et al. (1989), and Maji et
al. (1991) provide a good framework for this area of research. Their selections of specimen
material (especially inclusion shape and strength) were limited, however, due to fabrication
issues. For this reason, this study utilized material that can be easily cast. This allowed us to
create many different inclusion shapes, sizes, and strengths. Further experimental work is still
needed, considering most brittle material contain numerous inclusions. There are several
variables that affect the interaction effects of inclusions within a material. For example,
comparison between the results by Maji and Shah (1989) and this study show that the ligament
length of an inclusion pair may have a major effect. This study was limited to observing the
cracking behavior of specimens containing only two inclusions. Therefore, more experimental
work still needs to be done on specimens containing several inclusions, in order to understand
which variables (both geometric and mechanical) have the most effect on the performance of
material containing inclusions.
Boundary conditions will always exist that define what is feasible in an experimental sense. The
analytical work done by Zaitsev and Wittmann (1981) and Aulia (2000) provide a good basis in
attempting to understand the cracking complexities associated with a heterogeneous material.
Since composite materials contain numerous inclusions of various shapes, sizes, and strengths
-135-
numerical modeling may be the only way in truly understanding how inclusions behave within a
matrix.
In addition to studying cracking behavior associated with inclusions, the goal of this study was to
provide the background for future work in formulating predictive models on the behavior of
materials with inclusions. This study only provided the basis for this area of research, however.
Additional testing is needed in order to further augment this background and to draw definitive
conclusions regarding the behavior of a brittle material containing inclusions:
* Complete the half-inch, single inclusion series by testing specimens containing
half-inch hexagon and diamond inclusions. Specifically, two series of specimens
need to be created (one containing a plaster inclusion, and the other containing an
Ultracal inclusion).
* Complete the double inclusion series by testing specimens containing hexagon
and diamond inclusion pairs. Particularly, two series of specimens containing an
Ultracal and plaster inclusion pair will need to be tested. These specimens are to
first be tested at the same inclination angles as the square and circular series.
Additional specimens containing inclusions of all four shapes then need to be
tested at different (preferably larger) inclination angles in order to study the
effects of overlapping inclusion pairs.
* Perform a macroscopic investigation (unconfined compression testing) on
inclusions themselves, in order to determine their mechanical properties with
certainty.
* Perform a microscopic investigation on the interface of various inclusions prior
to, and after, testing (in order to study any possible precursors to interface
debonding and crack initiation). Such investigations need to also be performed
for cracking at different stages of propagation.
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APPENDIX A - Testing Equipment Caveats
A.1 Introduction
The three sections of this appendix are intended to present the apparatus used for specimen
testing, along with various issues that were encountered during testing. The first section will
present a general description of the equipment and setup profile used for experimental testing.
The second section will introduce problems that were encountered during testing; these issues,
and their respective solutions, will be discussed in section three.
A.2 General Description of Loading Equipment and Setup Profile
All testing was performed with a Baldwin 200 kip Loading Frame that was controlled by a
computer software program called MTestW (Version M 9.0.7i) created by ADMET. This
loading frame is connected to a hydraulic system that produces the required pressure. The
hydraulic system contains two valves referred to as the "servo" and "dump" valve. The servo
valve controls the inflow of hydraulic fluid into the piston of the Baldwin frame; whereas, the
dump valve controls the outflow of hydraulic fluid. When a specimen is loaded, the hydraulic
pump passes the fluid through the servo valve at a user specified rate. When unloading a
specimen the servo valve is shut and the dump valve is opened. The oil then flows through the
dump valve and back into the reservoir. This is a cyclical process that occurs each time a
specimen is tested. Only one valve can be opened at one time (i.e. there is never a scenario when
both valves are partly, or fully, open).
The user setup profile within the MTestW software contains various input parameters that the
user can modify. There is a section within the setup profile that controls the rate at which the
hydraulic pump operates, which is called the "servo profile". The servo profile contains the
specific loading scheme that will run during the test (Figure A.1). For example, in Figure A.1
there are three different loading rates that the user has specified.
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There are four parameters for each loading rate (refer to Figure A.1). The first one, which is
denoted with an encircled number one, is referred to as the control channel. The user can define
this as either load, position, or stress controlled. The second, which is the control rate, can be set
in units per second, or per minute. The third is the end channel, which can be defined as load,
position, time, stress, or none regulated. The end channel serves as the boundary condition for
each loading rate; once the end channel has been exceeded, the next loading rate commences.
For example, in Figure A.1 the second loading rate (0.0003 in/sec) will begin when the load
exceeds 1000 pounds. The fourth parameter, which is the log channel, defines how often data is
recorded.
Specimen Inormation Copaw Into Display Acqisition I Analsis i
XY Graph Active Channels Servo Parameters Servo Profile
r BepeatIF times Log every cycle Ignore [o r segments.
r Negate Posions cyle.
POSITION O.003 in/sec LOAD 2500.Ob Logevery 0.5sec
LOAD 38.3333 Ib/sec LOAD 30000.01b Log every 0.0333 sec
Add i iii i dit elete DeeteA
Figure A.1 - The servo profile section within the setup profile used for experimental
testing.
A.3 Encountered Testing Issues
There were two major issues that were encountered during different tests. The first occurred
when the hydraulic pump shut off during the middle of a test run, and then suddenly turned back
on several moments later.
The second issue occurred during the end of a test. The MTestW software has a "go home"
feature that allows the user to send the loading table back to its pre-test zero value. This process,
which is controlled by the hydraulic dump valve, is required for the removal of the specimen
after testing. On several occasions the table began to lower, start rising again, and then lowers to
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the zero-value. This proved to be quite dangerous to the user as the failed specimen would get
reloaded during the removal process.
A.4 Remediation of Testing Issues
Regarding the first issue, we learned that the entire campus was experiencing electrical problems
that same day. The exact cause of this issue has not been understood, nor has it recurred again.
The second issue was related to the setup profile used during testing. There is a section of the
setup profile that controls the "go home" rate (Figure A.3).
Specimen Infmaion C Cipany Info
XY Graph I Active Channels
Dis.plp I AcQ.Js I Arinals
Servo Parameters Servo Profile
Modiy Gai.. I
.1
Figure A.3 - The servo parameters section located within the setup
experimental testing.
As shown in Figure A.3, the home rate value was set at 1 in/min. It was determined that the
dump valve lowers the piston at a constant maximum rate of roughly 5 in/min. The home rate
set within the setup profile created a conflict within the hydraulic system. When the user
selected the "go home" option, the dump valve switched on and lowered the table at 5 in/min.
However, the software recognized that this is greater than the home rate specified within the
setup file and turned on the servo valve in order to bring the table back to the position it should
be at. This issue was resolved by selecting a home rate within the setup profile that is greater
than the dump valve can operate at (i.e., 10 in/min).
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APPENDIX B - One-inch Single Inclusions
This appendix contains the detailed analyses for specimens with single, one-inch inclusions.
Four different inclusion geometries were tested (circle, hexagon, diamond, and square) with
either an Ultracal or plaster inclusion; one complete analysis for each specimen type is presented,
while summaries for the other specimens are provided. For a complete summary of results, refer
to Section 4.3. A list of tested specimens is summarized below.
Plaster
CR-1-PI
CR-2-Pl
CR-3-Pl*
HX-3-PI
HX-4-Pl*
HX-5-Pl
DM-1-Pl*
DM-2-Pl
DM-3-P
SQ-4-Pl*
SQ-5-Pl
SQ-7-Pl
CR-4-UI HX-6-Ul DM-4-Ul* SQ-8-U
Ultracal CR-5-UI HX-7-UI DM-5-U1I SQ-9-U1
_ CR-6-Ul* HX-8-Ul* DM-6-UI SQ-10-Ul*
* A complete analysis for this specimen is presented in the Appendix.
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SUMMARY
Specimen Number: CR-1-PI (20080601)
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CR-1-PI (Test Date 20080601)
30.0 -
25.0 -
20.0 -
10.0
5.0 Axial Strain)
OTensile Crack Initiation (16.27 MPa,
0.398% Axial Strain)
0.0 -
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Axial Strain (%)
(- MPa) - Ultimate Failure
Time: 5 minutes & 13.165 seconds
HS Image # - 3053
Shear crack (E) begins to propagate
(upwards and shear in an opposite
D'(T)4 direction after its coalescence with
tensile crack (G).
Shear crack (E) then coalesces with
the left-hand specimen boundary.
(Recorded by High Speed Video System)
D(T)3 B(T)2
A(T)2 h
E(S)1
H(T) 8
G(T) C(T)2
i A(T)
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SUMMARY
Specimen Number: CR-2-PI (20080601)
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CR-2-PI (Test Date 20080601)
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2 15.0
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A Maximum Stress (27.426 MPa, 0.535%
5.0 -Axial Strain)
*Tensile Crack Initiation (20.13 MPa,
0.414% Axial Strain
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Axial Strain (%)
(27.02 MPa)
Time: 5 minutes & 42.996 seconds
HS Image # - 2442
A new tensile crack (J) initiates at the
upper specimen boundary and
propagates until its coalescence with
the right-hand specimen boundary,
which results in the detachment of
another large specimen piece.
(Recorded by High Speed Video System)
A(T),
I(T)8  H(T)7
B(T),
C(T)3
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Specimen Number: CR-3-PI (20080601)
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CR-3-PI (Test Date 20080601)
30.0
25.0 -
20.0
15.0
.~ 10.0-
r Maximum Stress (27.895 MPa, 0.694%
5.0 Axial Strain)
5OTensile Crack Initiation (20.57 MPa,
0.561% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
CIRCLE - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
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I
I
(Recorded by High Speed Video System)
(20.57 MPa)
- Tensile Crack Initiation
Time: 4 minutes & 8.76 seconds
Tensile crack (A) initiates at the upper
inclusion boundary and propagates
towards the upper specimen boundary.
Tensile crack (B) initiates at the lower
inclusion boundary and propagates
towards the lower specimen boundary.
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I
I
(22.26 MPa)
Time: 4 minutes & 32.96 seconds
As the apertures of tensile cracks
(A&B) increase, two new tensile cracks
(B'&C') initiate within the inclusion.
(Recorded by High Speed Video System)
A(T),
B'(T)
C'(T)2
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I
(22.94 MPa)
Time: 4 minutes & 42.79 seconds
With an increase in loading, tensile
crack (B') propagates towards the
lower inclusion boundary and
coalesces with tensile crack (B).
A new tensile crack (C) initiates at the
lower inclusion boundary and
propagates downwards.
(Recorded by High Speed Video System)
A(T)
B'(T)
C(T)3 1B(T)
(23.27 MPa)
Time: 4 minutes & 47.27 seconds
A surface crack (surf.) initiates at
tensile crack (C') and propagates
B'(T)
2 towards tensile crack (B').
C'(T)2  surf.
(Recorded by High Speed Video System)
A(T)1
B'(T)2
surC'(T)2 f.
C(T)3 B(T)1
(Recorded by High Speed Video System)
(26.63 MPa)
Time: 5 minutes & 35.45 seconds
Shear cracks (D&E) initiate at the
inclusion boundary and propagate
away from the inclusion.
-157-
(Recorded by High Speed Video System)
A(T),
B'( )2 E(S) 4
D(S)4 ,T
(27.895 MPa) [Max. Stress]
- FAILURE
Time: 5 minutes & 53.346 seconds
HS Image # - 3692
A new tensile crack (F) initiates
lower inclusion boundary
propagates downwards.
at the
and
A surface crack (surf.) initiates at shear
crack (E).
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(Recorded by High Speed Video System)
(27.25 MPa)
Time: 5 minutes & 53.682 seconds
HS Image # - 3144
Tensile crack (G) initiates at surface
crack (surf.) and propagates towards
the upper specimen boundary.
Tensile crack (H) then initiates at the
upper specimen boundary and
propagates until its coalescence with
shear crack (E).
(25.43 MPa)
Time: 5 minutes & 53.712 seconds
HS Image # - 2994
Tensile crack (G) begins to alsoB'(T2
propagate downwards from its point of
C'(T)2 initiation at the surface crack (surf.).
(Recorded by High Speed Video System)
H(T)7
A(T),
G(T)6
B'( )2
D(S)4
SC'(T)
r E(S)4 ri .
C(T)3  F(T) 5
B T),
(Recorded by High Speed Video System)
(25.43 MPa)
Time: 5 minutes & 53.724 seconds
HS Image # - 2934
A new surface crack (surf.) initiates at
the left-hand inclusion boundary and
propagates towards the left-hand
specimen boundary.
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Time: 5 minutes & 53.788 seconds
HS Image # - 2612
The propagation of tensile crack (G)
results in the detachment of a large
specimen piece at the right-hand
T) specimen boundary post failure.
(Recorded by High Speed Video System)
H(T)7
A(T),
G(T) 6
B'( )2
E(S)4
surf. I
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(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 5 minutes & 54.179 seconds
HS Image # - 661
Upper edge of the specimen.
- 164 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
i
SUMMARY
Specimen Number: CR-4-UI (20080601)
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CR-4-UI (Test Date 20080601)
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20.0
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0.00 0.20 0.40 0.60 0.80
Axial Strain (%)
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Time: 5 minutes & 55.159 seconds
HS Image # - 2158
Tensile crack (D) propagates until its
coalescence with the lower specimen
boundary, which results in the
detachment of a large specimen piece.
(Recorded by High Speed Video System)
C T)3
(T) A(T)
E(S)
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- 166-
SUMMARY
Specimen Number: CR-5-UI (20080601)
- 167-
(Recorded by High Speed Video System)
(20.87 MPa)
Time: 6 minutes & 35.022 seconds
HS Image # - 2441
Tensile crack (L) initiates at the upper
specimen boundary and propagates
downwards.
As shear crack (J) continues to
propagate towards the left-hand
specimen boundary, tensile crack (M)
initiates at shear crack (J) and
propagates downwards.
Tensile crack (N) then initiates at shear
crack (J) and propagates upwards.
I
-168-
I
Specimen Number: CR-6-UI (20080601)
-169-
CR-6-UI (Test Date 20080601)
40.0
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25.0 Ia-
20.0
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10.0 C iMaximum Stress (35.330 MPa, 0.660%
Axial Strain)
5.0 / OTensile Crack Initiation (35.29 MPa,
0.660% Axial Strain
0.0
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Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
CIRCLE - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
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I
(Recorded by High Speed Video System)
(35.330 MPa) [Max. Stress]
Time: 7 minutes & 36.956 seconds
Prior to tensile crack initiation at the
inclusion boundary, a large piece of
specimen detaches from the left-hand
specimen boundary.
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I
(35.29 MPa)
Time: 7 minutes & 37.190 seconds
HS Image # - 2464
Tensile crack (A) initiates at the upper
specimen boundary and propagates
down towards the lower specimen
boundary.
(Recorded by High Speed Video System)
A(T),
/'j
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(Recorded by High Speed Video System)
BI
(35.29 MPa)
- Tensile Crack Initiation
Time: 7 minutes & 37.190 seconds
HS Image # - 2463
Tensile crack (B) initiates
inclusion boundary and
downwards.
Tensile crack (C) initiates
specimen boundary and
towards the inclusion.
at the lower
propagates
at the lower
propagates
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A(T),
(Recorded by High Speed Video System)
D(T) 3
B(T) 2
C(T)2
(35.28 MPa)
Time: 7 minutes & 37.191 seconds
HS Image # - 2462
Tensile crack (D) initiates at the upper
inclusion boundary and propagates
towards the upper specimen boundary.
It also begins to propagate around the
right-hand inclusion boundary and into
the surrounding matrix, adjacent to
tensile crack (B).
A surface crack (surf.) initiates
lower specimen boundary
propagates adjacent to tensile
(A).
at the
and
crack
Tensile crack (C) coalesces with the
lower inclusion boundary.
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(Recorded by High Speed Video System)
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C(T)2 } surf.
(35.26 MPa)
Time: 7 minutes & 37.191 seconds
HS Image # - 2459
The previously initiated surface crack
(*) coalesces with tensile crack (A),
which results in surficial detachment
from the specimen.
Tensile crack (D)
crack (B) just
boundary.
coalesces with tensile
below the inclusion
A new surface crack (surf.) initiates at
the lower specimen boundary and
propagates upwards.
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(Recorded by High Speed Video System)
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(35.09 MPa)
Time: 7 minutes & 37.196 seconds
HS Image # - 2434
Shear crack (E) initiates at the right-
hand inclusion boundary and
propagates away from the inclusion.
A new tensile crack
upper specimen
propagates until its
tensile crack (A).
(F) initiates at the
boundary and
coalescence with
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(Recorded by High Speed Video System)
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HS Image # - 2431
Tensile crack (G) initiates
specimen boundary and
until its coalescence with
(E).
at the lower
propagates
shear crack
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il%-----
(Recorded by High Speed Video System)
(T)
A(T),
G(T)6
(35.06 MPa)
Time: 7 minutes & 37.197 seconds
HS Image # - 2429
Tensile crack (H) initiates at shear
crack (E) and propagates upwards.
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I
(Recorded by High Speed Video System)
(- MPa)
Time: 7 minutes & 37.328 seconds
HS Image # - 1775
The propagation of tensile crack (H)
results in the detachment of a large
specimen piece at the right-hand
specimen boundary.
A new tensile crack (I) initiates at the
lower specimen boundary and
propagates upwards.
Tensile crack (J) then initiates at the
upper specimen boundary and
propagates towards the inclusion.
(Recorded by High Speed Video System)
)9 D(T)3
H(T)7
B(T)2
c(" )
(- MPa)
Time: 7 minutes & 37.342 seconds
HS Image # - 1703
Tensile crack (K) initiates at the upper
inclusion boundary and propagates
upwards. It also begins to propagate
around the left-hand inclusion
boundary and into the surrounding
matrix.
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 37.683 seconds
HS Image # - 1
- 181 -
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a
with the openings between
the brush platen.
(*) coincide
the teeth of
- 182 -
i
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SUMMARY
Specimen Number: HX-3-PI (20080412)
- 183 -
HX-3-PI (Test Date 20080412)
25.0
20.0
M 15.0
0 10.0
5.0 Maximum Stress (21.861 MPa,
5.0 /0.540% Axial Strain)
*Tensile Crack Initiation (13.79 MPa,
0.381% Axial Strain)
0.0
0.00 0.20 0.40 0.60 0.80 1.00
Axial Strain (%)
(Recorded by High Speed Video System)
A(T),
shear E(T) 3
H(S)6  surf.
E\T)3 F(S)
J(T) 8
(21.861 MPa)
Time: 4 minutes & 29.001 seconds
HS Image # - 2354
A new tensile crack (J) initiates at the
lower specimen boundary and
propagates upwards until it coalesces
with shear crack (H) post failure.
- 184 -
I
Specimen Number: HX-4-PI (20080412)
- 185 -
HX-4-PI (Test Date 20080412)
25.0
20.0
cc 15.0
40 10.0
] Maximum Stress (22.423 MPa,
5.0 / 0.577% Axial Strain)
c'Tensile Crack Initiation (11.93 MPa,
0.368% Axial Strain)
0.0
0.00 0.20 0.40 0.60 0.80 1.00
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
HEXAGON - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 186-
I
I
(Recorded by High Speed Video System)
(11.93 MPa)
- Tensile Crack Initiation
Time: 2 minutes & 9 seconds
Tensile cracks (A,A',B&B') develop at
the inclusion boundary.
Tensile crack (A) forms at the upper
inclusion boundary and propagates
away from the inclusion. It is
believed that tensile crack (A')
propagates into the inclusion just
afterwards, though the high speed
footage was inconclusive.
Tensile crack (B) forms at the lower
inclusion boundary and propagates
away from the inclusion. It is also
believed that tensile crack (B')
propagates into the inclusion just
afterwards, though the high speed
footage was inconclusive.
- 187 -
(18.59 MPa)
Time: 3 minutes & 44 seconds
As the apertures of tensile cracks
T(A,A',B&B') increase, surface cracks
(surf.) initiate from the tips of tensile
}surf. cracks (A'&B') within the inclusion.
A new tensile crack (C) initiates at the
upper specimen boundary and
propagates downwards until it
coalesces with the upper left-hand
inclusion boundary.
(Recorded by High Speed Video System)
C(T) 2
S surf.
B(T),
- 188-
I
(Recorded by High Speed Video System)
(21.04 MPa)
Time: 4 minutes & 19 seconds
A new surface crack (*) initiates from
tensile crack (A') within the inclusion.
A new tensile crack (D) initiates at the
upper right-hand inclusion boundary
and propagates towards the upper
specimen boundary.
I
I
(22.40 MPa)
Time: 4 minutes & 39.620 seconds
HS Image # - 5404
A new shear crack (E) initiates at the
left-hand inclusion boundary and
propagates towards the left-hand
specimen boundary.
New surface cracks (surf.) initiate at the
lower right-hand inclusion boundary.
Tensile crack (D) begins to propagate
(Recorded by High Speed Video System) around the right-hand inclusion
boundary.
C(T)2 D(T)
D(T)3
E(S)4
surf.
B(T),
(Recorded by High Speed Video System)
D(T)
3
A)
E(S)4
B'(T)
surf.
B(T), I I F(T)s
(22.42 MPa)
Time: 4 minutes & 39.999 seconds
HS Image # - 3507
A new tensile crack (F) initiates at the
lower specimen boundary and
propagates until it intersects the right-
hand inclusion boundary.
-191-
22.423 MPa [Max. Stress] - FAILURE
Time: 4 minutes & 40 seconds
HS Image # - 3505
Tensile crack (D) completely
propagates around the right-hand
inclusion boundary and coalesces with
tensile crack (F).
A large piece of specimen (*) begins to
detach from the lower right-hand
specimen boundary.
(Recorded by High Speed Video System) A new tensile crack (G) initiates at the
lower left-hand inclusion boundary and
propagates downwards.
C(T)2  D(T)D(T)3
E(S)4
B'(T),
surf.
G(T)6  F(ur
B(T), F(T)5
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(Recorded by High Speed Video Syste
D(T)3
G(T)6
Time: 4 minutes & 40.003 seconds
HS Image # - 3488
The large piece of specimen
completely detaches from the right-
hand specimen boundary.
As the apertures of tensile cracks
(D&F) increase, shear crack (H)
initiates at the right-hand inclusion
boundary and propagates towards the
right-hand specimen boundary.
m)
- 193 -
I
(Recorded by High Speed Video System)
C(T)2
A ) surf.
B'(T), H(S) 7 j
B(T), I F(T)5
Time: 4 minutes & 40.006 seconds
HS Image # - 3474
A new surface crack (surf.) initiates at
the upper specimen boundary and
propagates towards shear crack (H).
- 194 -
I
I
(Recorded by High Speed Video System)
I(T)8 surf.
G(T)6
Time: 4 minutes & 40.010 seconds
HS Image # - 3455
A new tensile crack (I) initiates at the
upper specimen boundary and
propagates towards shear crack (E).
B(T), I I F(T)5
Time: 4 minutes & 40.011 seconds
HS Image # - 3448
A large piece of specimen detaches
from the upper left-hand specimen
boundary.
(Recorded by High Speed Video System)
C T)
I(T)8  D(T)3
A ) surf.
A'(T
E(S)4 (T) H(S)7
G (T)
I
(Recorded by High Speed Video System)
(0 MPa - Final Picture)
HS Image # - 1213
A good view of the propagation of
shear crack (H) can be seen in this
picture.
- 197 -
1
Upper edge of the specimen.
- 198-
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
i
I
SUMMARY
Specimen Number: HX-5-PI (20080517)
- 199 -
HX-5-PI (Test Date 20080517)
25.0 -
20.0
C 15.0
0 10.0 '
O Maximum Stress (22.209 MPa,
5.0 0.515% Axial Strain)
*ZTensile Crack Initiation (16.54 MPa,
0.398% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(19.21 MPa) - Post Failure
Time: 8 minutes & 28.1 seconds
A new tensile crack (I) initiates at the
upper specimen boundary and
propagates until it coalesces with shear
crack (H). Surface spalling (*) occurs
adjacent to shear crack (H).
A new surface crack (surf.) initiates at
the inclusion boundary and coalesces
with tensile crack (I).
(Recorded by High Speed Video System)
A(T) F(T)4
1(T) 6
surf
B(T), C(T)
E(T) 3
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SUMMARY
Specimen Number: HX-6-UI (20080518)
- 201 -
HX-6-UI (Test Date 20080518)
30.0
25.0 -
20.0
000%
2 15.0
10.0
OMaximum Stress (25.228 MPa, 0.680%
5.0 - Axial Strain)
OTensile Crack Initiation (19.88 MPa,
0.576% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Time: 5 minutes & 16.144 seconds
HS Image # - 3246
Shear crack (D) coalesces with
right-hand specimen boundary.
the
Time: 5 minutes & 16.249 seconds
HS Image # - 2724
Shear crack (F) coalesces with the left-
hand specimen boundary.
- 202 -
I
SUMMARY
Specimen Number: HX-7-UI (20080518)
- 203 -
HX-7-UI (Test Date 20080518)
35.0
30.0
25.0 -
. 20.0
(0 15.0
O) 10.0
l Maximum Stress (31.200 MPa, 0.713%
Axial Strain)
5.0 .,,OTensile Crack Initiation (31.200 MPa,
0.713% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
(30.40 MPa) - Ultimate Failure
Time: 6 minutes & 36.027 seconds
HS Image # - 3144
Surface spalling initiates
shear crack (D).
adjacent to
Time: 6 minutes & 36.027 seconds
HS Image # - 3141
Shear crack (D) coalesces with the left-
hand specimen boundary.
- 204 -
I
I
Specimen Number: HX-8-UI (20080518)
- 205 -
HX-8-UI (Test Date 20080518)
25.0
20.0
M 15.0(.
W 10.0
0 0 Maximum Stress (22.879 MPa, 0.599%
5.0 Axial Strain)
OTensile Crack Initiation (19.15 MPa,
0.490% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
Initial Inclusion Geometry:
HEXAGON - Ultracal Material
Inclusion more stiff than matrix.
Initial surface cracks present prior to
testing.
High Speed Camera Frame Rate:
5000 pps
(Recorded by High Speed Video System)
/;~
- 206 -
(Recorded by High Speed Video System)
A(T)(
surf.
B(T),
C(
(19.15 MPa)
- Tensile Crack Initiation
Time: 4 minutes & 4.434 seconds
Tensile crack (A) initiates at the
upper specimen boundary and
propagates until its coalescence with
the upper left-hand inclusion
boundary.
Tensile crack (B) initiates at the left-
hand inclusion boundary and
propagates towards the lower
specimen boundary. Tensile crack
(B) also begins to propagate around
the left-hand inclusion boundary. A
surface crack (surf.) also initiates
from the upper left-hand inclusion
boundary.
Tensile cracks (C&D) initiate at the
inclusion boundary and propagate
towards the lower specimen
boundary. Tensile crack (D) begins
to propagate around the right-hand
inclusion boundary and into the
inclusion, which will be referred to as
tensile crack (D').
- 207 -
I
I
(19.82 MPa)
Time: 4 minutes & 13.734 seconds
Prior to the capture of this image, a
large piece of specimen detaches from
the left boundary.
Tensile crack (E) initiates from the
upper right-hand inclusion boundary
and propagates towards the upper
specimen boundary.
A new surface crack (surf.) initiates
(Recorded by High Speed Video System) from a pre-test surface crack within the
inclusion.
A(T),
E(T)2
D(T)T
C(T)
- 208 -
(20.22 MPa)
Time: 4 minutes & 19.776 seconds
A previously initiated surface crack (*)
coalesces with tensile crack (A). A new
surface crack (surf.) also initiates at
lower the inclusion boundary.
A new tensile crack (F) initiates at the
right-hand inclusion boundary and
propagates upwards.
(Recorded by High Speed Video System)
A(T) E(T)2
I / F(T) 3
- 209 -
(22.84 MPa)
Time: 4 minutes & 57.732 seconds
HS Image # - 5404
Prior to the capture of this image,
another piece of specimen (*) detaches
from the upper left-hand specimen
boundary.
With an increase in loading, tensile
crack (F) coalesces with tensile crack
(D').
(Recorded by High Speed Video System) Shear crack (G) initiates at the left-
hand inclusion boundary and
propagates away from the inclusion.
A(T), E(T)2
F(T) 3
G(S)4, D(T)
I ,s I-r b D(T),
-210-
(22.879 MPa) - [Max. Stress]
Time: 4 minutes & 58.122 seconds
HS Image # - 3455
As shear crack (G) propagates towards
the left-hand specimen boundary, a
surface crack (surf.) initiates and
propagates downwards. The surface
crack (surf.) then bifurcates, which
causes the detachment (*) of a surficial
piece of specimen.
(Recorded by High Speed Video System)
A(T), E(T)2
F(T)3
G(S), D(T
surf. f D(T).
-211-
I
(22.46 MPa)
Time: 4 minutes & 58.185 seconds
HS Image # - 3138
As shear crack (G) continues to
propagate towards the left-hand
specimen boundary, a new surface
crack (surf.) initiates.
(Recorded by High Speed Video System)
A(T) E(T)2
-212-
(Recorded by High Speed Video System)
D(T)1
(22.26 MPa)
Time: 4 minutes & 58.353 seconds
HS Image # - 2299
A new tensile crack
lower specimen
propagates until its
shear crack (G).
(H) initiates at the
boundary and
coalescence with
-213-
I
I
(22.28 MPa) - Ultimate Failure
Time: 4 minutes & 58.356 seconds
HS Image # -2283
A new tensile crack (I) initiates at the
lower specimen boundary and
propagates until its coalescence with
shear crack (G).
Shear crack (G) coalesces with the left-
hand specimen boundary.
(Recorded by High Speed Video System)
A(T)/ E(T)2
surf. F(T)3
G(S)4 D T),
\ H(T) D(T)
-214-
I 1
(Recorded by High Speed Video System)
(21.83 MPa)
Time: 4 minutes & 58.409 seconds
HS Image # - 2022
A new shear crack (J) initiates at the
right-hand inclusion boundary, and
coalesces with the right-hand specimen
boundary post failure.
(0 MPa - Final Picture)
HS Image # - 588
A good view of shear crack (J) can be
seen in this picture.
I
Upper edge of the specimen.
-216-
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
1
Specimen Number: DM-1-PI (20080601)
- 217 -
DM-1-PI (Test Date 20080601)
25.0
20.0
0 15.0
0 10.0
5.0 -_ E OMaximum Stress (19.790 MPa, 0.487%
Axial Strain)
OTensile Crack Initiation (16.74 MPa,
0.382% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
DIAMOND - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
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I
I
(Recorded by High Speed Video Sys
A(T)1
(16.74 MPa)
- Tensile Crack Initiation
Time: 3 minutes & 16.49 seconds
Tensile crack (A) initiates at the
upper inclusion boundary and
propagates towards the upper
specimen boundary. Tensile cracks
(B&C) initiate at the lower inclusion
boundary and propagate towards the
lower specimen boundary.
Surface crack (surf.) initiates within
;tem) the inclusion, while surface crack (*)
initiates at the lower inclusion
boundary and propagates into the
inclusion.
Tensile crack (D) then initiates at the
lower specimen boundary and
propagates upwards.
D(T)2
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I
(17.36 MPa)
Time: 3 minutes & 25.92 seconds
A new tensile crack (E) initiates at the
upper inclusion boundary and
propagates towards the upper
surf. specimen boundary.
Shear crack (F) initiates at the left-hand
inclusion boundary and propagates
away from the inclusion. The lower
left-hand inclusion boundary debonds
in shear from the specimen, as shown
(Recorded by High Speed Video System) by the arrows.
E(T)3 
A(T),
F(S)4
surf.
B(u D(T)2
C(T)
B(T),
-220-
(17.56 MPa)
Time: 3 minutes & 28.34 seconds
A large piece of specimen detaches
from the left-hand specimen boundary.
surf.
(Recorded by High Speed Video System)
E(T)3 A(T),
(S) 4
surf.
D(T)
SJi C(T),
B(T)
-221-
(Recorded by High Speed Video System)
E(T)3E(T)3 A(T),
(S)4
surf.
.. D(T)
S C(T)
B(T),
(18.08 MPa)
Time: 3 minutes & 35.58 seconds
Tensile crack (D) coalesces with the
right-hand specimen boundary, which
results in the detachment of a piece of
specimen.
- 222 -
I
- -
-223-
(Recorded by High Speed Video System)
G(S),
-0.
H(T) 6
F(S)4
E(T)3 A(T)
C("
B(T),
(19.790 MPa) [Max. Stress] - FAILURE
Time: 4 minutes & 0.314 seconds
HS Image # - 3588
A new tensile crack
upper specimen
propagates until its
shear crack (F).
(H) initiates at the
boundary and
coalescence with
-224-
I
(19.789 MPa)
Time: 4 minutes & 0.314 seconds
HS Image # - 3587
As a result of shear crack (F), a large
surficial piece (*) detaches from the
specimen.
A new surface crack (surf.) initiates at
the inclusion boundary and propagates
upwards.
High Speed Video System)
3 A(T),
G(S)5
C(T),
B(T),
-225-
(Recorded by
E(
H(T)6
I
(- MPa)
Time: 4 minutes & 0.479 seconds
HS Image # -2764
A new surface crack (*) initiates at the
upper inclusion boundary and
propagates upwards.
A new tensile crack (I) initiates at the
lower specimen boundary and
propagates towards shear crack (G).
(Recorded by High Speed Video System)
E(T)3
H(T)6  A(T)
surf.
. G(S)5
F(S)4
C(T),
I(T) 7
B(T)j
-226-
I
(- MPa)
Time: 4 minutes & 0.479 seconds
HS Image # - 2763
Tensile crack (I) propagates until its
coalescence with shear crack (G).
A new surface crack (surf.) initiates at
the lower right-hand inclusion
boundary.
The upper-right hand inclusion
boundary debonds in shear from the
(Recorded by High Speed Video System) specimen, as shown by the arrows.
E(T)3
H(T) 6  A (T )
G(S)s
L6\ 
surf.
I(T)7
B(T), C(T)1
-227-
(Recorded by High Speed Video System)
(0 MPa - Final Picture)
A good view of shear crack (G) can be
seen in this post-testing picture.
- 228 -
I
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
- 229 -
SUMMARY
Specimen Number: DM-2-PI (20080601)
- 230 -
(- MPa)
Time: 3 minutes & 23.74 seconds
HS Image # - 2134
A new tensile crack (K) initiates at the
Supper specimen boundary and
propagates until its coalescence with
shear crack (G). This results in the
ultimate failure of the specimen.
(Recorded by High Speed Video System)
D(T)3
A(T), K(T)8
E(T)4 H(T)5
F(S)4  
G()
J(T),7
-231-
I
SUMMARY
Specimen Number: DM-3-PI (20080601)
- 232 -
DM-3-PI (Test Date 20080601)
25.0 
-
20.0 
-
c 15.0
0 10.0
5.0 []Maximum Stress (20.693 MPa, 0.549%
Axial Strain)
* Tensile Crack Initiation (12.95 MPa,
0.385% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Axial Strain (%)
(Recorded by High Speed Video System)
H(T)6
G(T) I(T)7
E(S) 3
C(T) ,
)B(T),
(14.36 MPa)
Time: 4 minutes & 13.162 seconds
HS Image # - 2594
A new tensile crack (I) initiates at the
upper specimen boundary and
propagates downwards until its
coalescence with shear crack (E).
-233-
I
A(T),
Specimen Number: DM-4-UI (20080601)
234 -
DM-4-UI (Test Date 20080601)
25.0
20.0
15.0
S 10.0
[] Maximum Stress (23.364 MPa, 0.510%
5.0 Axial Strain)
OTensile Crack Initiation (23.36 MPa,
0.51% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
DIAMOND - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-235-
I I
I
(Recorded by High Speed Video System)
(18.39 MPa)
Time: 3 minutes & 39.60 seconds
Prior to tensile crack initiation, a large
piece of specimen detaches from the
right-hand specimen boundary.
-236-
I
(Recorded by High Speed Video System)
A(T)
(23.12 MPa)
- Tensile Crack Initiation
Time: 4 minutes & 46.57 seconds
Tensile crack (A) initiates at the lower
inclusion boundary and propagates
towards the lower specimen boundary.
-237-
(Recorded by High Speed Video System)
(23.09 MPa)
Time: 4 minutes & 50.697 seconds
HS Image # - 3824
As the aperture of tensile crack (A)
increases, a new tensile crack (B)
initiates at the upper inclusion
boundary and propagates upwards.
-238-
I
(Recorded by High Speed Video System)
(23.09 MPa)
Time: 4 minutes & 50.697 seconds
HS Image # - 3822
Tensile crack (A) propagates around
the lower left-hand inclusion boundary
and propagates into, and then out of,
the inclusion. This portion of tensile
crack (A) will be referred to as tensile
crack (A').
The upper right-hand inclusion
boundary debonds in shear from the
hydrocal matrix. A new tensile crack
(B') initiates at the right-hand inclusion
boundary and propagates downwards.
-239-
I
I
(23.09 MPa)
Time: 4 minutes & 50.698 seconds
HS Image # - 3821
The upper left-hand inclusion boundary
debonds in shear from the hydrocal
matrix. A new tensile crack (A"), which
is an extension of tensile crack (A'),
initiates at the upper inclusion
boundary and propagates upwards.
(Recorded by High Speed Video System)
A"(T)4  B(T)2
A'(T)3
B'(T)
3
A(T)
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I
(Recorded by High Speed Video System)
A"(T) 4  B(T)2
A'(T)3
A(T), B'(T) C(T)5
(23.09 MPa)
Time: 4 minutes & 50.698 seconds
HS Image # - 3818
A new tensile crack (C) initiates
lower specimen boundary
propagates upwards.
at the
and
- 241 -
1
(23.09 MPa)
Time: 4 minutes & 50.700 seconds
HS Image # - 3809
A surface crack (surf.) initiates at the
lower left-hand inclusion boundary and
propagates towards tensile crack (A).
(Recorded by High Speed Video System)
A"(T)4  B(T) 2
A(T)3
surf. B'(T) C(T)5
A(T),
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I
(23.09 MPa)
Time: 4 minutes & 50.705 seconds
HS Image # - 3785
A new surface crack (surf.) initiates at
the lower left-hand inclusion boundary
and propagates downwards.
(Recorded by High Speed Video System)
A"(T) 4  B(T) 2
A'(T)3
B'(T) 3A (T) (T)
- 243 -
(Recorded by High Speed Video System)
surf.
(23.24 MPa) - Ultimate Failure
Time: 4 minutes & 50.784 seconds
HS Image # - 3389
Shear cracks (D&E) initiate at the
inclusion boundary and propagate
away from the inclusion.
A new tensile crack
lower specimen
propagates until its
shear crack (E).
(F) initiates at the
boundary and
coalescence with
A new surface crack (surf.) initiates at
the upper left-hand inclusion boundary
and propagates into the inclusion.
- 244 -
I
(Recorded by High Speed Video System)
D(S) 6
(23.13 MPa)
Time: 4 minutes & 50.785 seconds
HS Image # - 3383
A new tensile crack
lower specimen
propagates until its
shear crack (D).
(G) initiates at the
boundary and
coalescence with
- 245 -
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 4 minutes & 50.973 seconds
HS Image # - 2445
- 246 -
I
Upper edge of the specimen.
- 247 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
SUMMARY
Specimen Number: DM-5-UI (20080601)
DM-5-UI (Test Date 20080601)
30.0--
25.0
20.0
15.0
10.0
5.0 - Axial Strain)
OTensile Crack Initiation (27.42 MPa,
0.661% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
- 248 -
cc10.
CL
CO
(Recorded by High Speed Video System)
(22.561 MPa) - Ultimate Failure
Time: 5 minutes & 48.877 seconds
HS Image # - 3063
As shear crack (D) coalesces with the
right-hand specimen boundary, a new
tensile crack (J) initiates at shear crack
(D) and propagates towards the lower
specimen boundary.
- 249 -
I
I
SUMMARY
Specimen Number: DM-6-UI (20080601)
- 250 -
DM-6-UI (Test Date 20080601)
25.0 -
20.0
- / t
(U 15.0
0) 10.0
5.0 0 Maximum Stress (21.603 MPa, 0.485%
5.0 Axial Strain)
O Tensile Crack Initiation (21.60 MPa,
0.485% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Axial Strain (%)
(Recorded by High Speed Video System)
(17.033 MPa) - Ultimate Failure
Time: 4 minutes & 23.098 seconds
HS Image # - 2065
Shear crack (C) propagates until its
coalescence with tensile crack (G).
Tensile crack (G) continues to
propagate until its coalescence with
the upper specimen boundary.
-251-
Specimen Number: SQ-4-PI (20080412)
- 252 -
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
SQUARE - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 253 -
(Recorded by High Speed Video System)
(19.81 MPa - Tensile Crack Initiation)
Time: 4 minutes & 0 seconds
Tensile cracks (A&A') develop at the
upper inclusion boundary. Tensile
crack (A) propagates toward the upper
boundary, while tensile crack (A')
propagates into the inclusion.
-254-
I
(Recorded by High Speed Video System)
(20.51 MPa)
Time: 4 minutes & 10 seconds
As the aperture of tensile cracks (A&A')
increase, tensile crack (A) propagates
further towards the upper boundary.
New tensile cracks (B&B') develop at
the lower inclusion boundary. Tensile
crack (B) propagates toward the lower
boundary, while tensile crack (B')
propagates into the inclusion.
-255-
I
(Recorded by High Speed Video System)
(21.63 MPa)
Time: 4 minutes & 26 seconds
As the apertures of tensile cracks
(A&B) increase, tensile crack (A')
propagates through the inclusion and
intersects with lower inclusion
boundary. This causes the formation of
tensile crack A" at the lower inclusion
boundary, which begins to propagate
towards the lower boundary.
- 256 -
(Recorded by High Speed Video System)
A(T),
(22.58 MPa)
Time: 4 minutes & 40 seconds
As the apertures of tensile cracks
(A'&A") increase, tensile crack (A")
continues to propagate toward the
lower boundary.
A new tensile crack (C) forms at the
upper inclusion boundary.
-257-
I
(Recorded by High Speed Video System)
C(T)4
(23.85 MPa)
Time: 4 minutes & 58 seconds
Prior to the capture of this image, a
large piece of the specimen breaks off
from the left side.
This causes the apertures of tensile
cracks (A,A',A",B,&B") to increase, and
leads to the propagation of tensile
cracks (A"&C).
A new tensile crack (D) develops from
the upper boundary and propagates
towards the upper right-hand corner of
the inclusion.
-258-
I
(Recorded by High Speed Video System)
(26.21 MPa)
Time: 5 minutes & 32 seconds
With an increase in loading, tensile
crack (B') continues to propagate into
the inclusion, while tensile crack (C)
continues to propagate towards the
upper boundary.
(Recorded by High Speed Video System)
C(T)4
(27.156 MPa)
Time: 5 minutes & 46.567 seconds
HS Image # - 5404
Tensile crack (B') propagates until it
coalesces with an extension of tensile
crack (A). This induces surface
cracking, designated with a "{", which
eventually leads to the detachment of a
surface piece.
I
(Recorded by High Speed Video System)
(27.185 MPa)
Time: 5 minutes & 46.996 seconds
HS Image # - 3258
A new tensile crack (E) develops from
the lower boundary and propagates up
until it coalesces with two surface
cracks adjacent to the inclusion.
- 261-
(27.185 MPa)
Time: 5 minutes & 46.999 seconds
HS Image # - 3244
Tensile crack (E) propagates beneath a
A(T), surface crack until it intersects the
B' (T)2 inclusion boundary. A new tensile
crack (F) forms in the top left-hand
corner of the inclusion.
(Recorded by High Speed Video System)
C( )4
F(T)7 A(T) D(T)5
B'(T)2
A"(T),
E(T)r, RTI
-262-
(27.185 MPa [Max Stress] - FAILURE)
Time: 5 minutes & 47 seconds
HS Image # - 3239
A new tensile crack (G) forms and
(T) coalesces with tensile crack (E). This
B(T)2 causes several surface cracks to
develop. Tensile crack (E) continues to
propagate and coalesces with tensile
crack (F). This induces ultimate failure.
(Recorded by High Speed Video System)
F(T)7 A(T) D(T)
- 263 -
(Recorded by High Speed Video System)
(0 MPa - Final Picture)
HS Image # - 1299
-264-
1
I
Upper edge of the specimen.
-265-
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
Soecimen
SUMMARY
Number: SQ-5-PI (20080412)
SQ-5-PI (Test Date 20080412)
0.20 0.40 0.60 0.80
Axial Strain (%)
- 266 -
30.0
25.0
20.0
15.0
10.0
C-
(,(00
W.
5.0 -
0.0 -
0.00 1.00
(27.268 MPa - Ultimate Failure)
Time: 5 minutes & 52.627 seconds
HS Image # - 2270
E'(T), iAs tensile crack (L) continues to
surf. A(T)I propagate, a new tensile crack (N)
forms and propagates towards the
D'(T),
upper specimen boundary. This results
in ultimate failure.
(Recorded by High Speed Video System)
-267-
SUMMARY
Specimen Number: SQ-7-PI (20080517)
- 268 -
SQ-7-PI (Test Date 20080517)
25.0 -
20.0 -
a 15.0-
10.0-
C Maximum Stress (24.129 MPa, 0.660%
Axial Strain)
5.0 Tensile Crack Initiation (14.60 MPa, 0.421%
Axial Strain)
0.0
0.00 0.20 0.40 0.60 0.80 1.00
Axial Strain (%)
(Recorded by High Speed Video System)
24.129 MPa [Max. Stress] - FAILURE
Time: 5 minutes & 0.840 seconds
HS Image # - 1697
Tensile crack (J) coalesces with tensile
crack (I), which results in failure.
-269-
I
SUMMARY
Specimen Number: SQ-8-UI (20080517)
- 270 -
26.912 MPa [Max. Stress] - FAILURE
Time: 5 minutes & 37.360 seconds
HS Image # - 2268
Tensile crack (F') coalesces with
tensile crack (C) and then with tensile
crack (D), which causes the failure of
the specimen.
(Recorded by High Speed Video System)
H(T)6
J(T)8 B(T)2
F(T)
Fs u rf.
- 271 -
SUMMARY
Specimen Number: SQ-9-UI (20080517)
- 272 -
SQ-9-UI (Test Date 20080517)
20.0
18.0
16.0
14.0
12.0
10.0
S 8.0
C 6.0
.0/ OMaximum Stress (17.434 MPa, 0.407%
4.0 Axial Strain)
O2.0 Tensile Crack Initiation (17.434 MPa,
0.407% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Axial Strain (%)
(17.434 MPa)
Time: 4 minutes & 19.84 seconds
Prior to tensile crack initiation, an
error within the loading machine.
This caused the hydraulic pump to
stall for a prolonged period of time
(as seen in the stress/strain curve).
The cracks depicted in the figure
occurred "simultaneously" as a result
of the erratic loading rate.
(Recorded by High Speed Video System)
I surf.
-273-
Specimen Number: SQ-10-UI (20080518)
- 274 -
SQ-10-UI (Test Date 20080518)
30.0
25.0
20.0
S 15.0
10.0
OMaximum Stress (23.921 MPa, 0.655%
5.0 - Axial Strain)
OTensile Crack Initiation (12.39 MPa,
0.367% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometry:
SQUARE - Ultracal Material
Inclusion more stiff than matrix.
Initial surface cracks present prior to
testing.
High Speed Camera Frame Rate:
5000 pps
-275-
(Recorded by High Speed Video System)
(12.39 MPa)
- Tensile Crack Initiation
Time: 2 minutes & 13.7 seconds
As new surface cracks (*) propagate
from the initial surface cracks, a
tensile crack (A) propagates from a
new surface crack, intersects the
inclusion boundary, and continues to
propagate downwards into the
surrounding hydrocal matrix.
-276-
I
I '
(Recorded by High Speed Video System)
(14.40 MPa)
Time: 2 minutes & 42.7 seconds
Two new tensile cracks (B&C) initiate
at the inclusion boundary. Tensile crack
(B) propagates from the upper inclusion
boundary, and then coalesces with the
initial surface crack within the inclusion.
Tensile crack (C) propagates from the
lower left-hand coner of the inclusion
boundary.
- 277 -
I
(Recorded by High Speed Video System)
(15.68 MPa)
Time: 3 minutes & 1.2 seconds
Tensile cracks (B&C) propagate to the
upper and lower specimen boundary,
respectively. A new tensile crack (D)
propagates from the lower inclusion
boundary.
-278-
I
(Recorded by High Speed Video System)
D(T)3
(16.57 MPa)
Time: 3 minutes & 13.7 seconds
As tensile crack (B) propagates until its
coalescence with the central initial
surface crack within the inclusion, a
new tensile crack (E) propagates from
the upper right-hand inclusion
boundary.
- 279 -
I
(18.29 MPa)
Time: 3 minutes & 38.598 seconds
As tensile cracks (D&E) propagate with
an increase in loading, a previous
surface crack (*), now referred to as
(surf.), propagates past the inclusion
boundary and into the surrounding
hydrocal matrix.
(Recorded by High Speed Video System)
B(T)2
E(T)4
(T) (T)3
C(T)2
- 280 -
(Recorded by High Speed Video System)
F(S) 5
C(T)2
(20.34 MPa)
Time: 4 minutes & 8.1 seconds
A shear crack (F) propagates from the
right-hand side of the inclusion, into the
surrounding hydrocal matrix.
-281-
I
(22.93 MPa)
Time: 4 minutes & 45.3 seconds
Tensile crack (D) coalesces with a
surface crack (surf.) within the
inclusion. A new tensile crack (G)
propagates from the upper left-hand
inclusion boundary.
Small patches of spalling form adjacent
to the central surface crack within the
inclusion, as a result of shear crack (F)
propagating into the inclusion through
(Recorded by High Speed Video System) the central surface crack.
B(T)2
G(T)6 E(T)4
F(S)5
surf.
(T
D(T)3
C(T)2
- 282 -
(23.68 MPa)
Time: 4 minutes & 58.927 seconds
HS Image # - 5404
A new shear crack (H) propagates from
the lower left-hand side of the inclusion
into the surrounding hydrocal matrix.
As a result, a larger piece of spalling (*)
forms.
(Recorded by High Speed Video System)
B(T)2
G(T)6 E (T )4
F(S)s
surf.
H(S)7 (T
- 283 -
I
(Recorded by High Speed Video System)
H(S) 7
C(T)2
(23.82 MPa)
Time: 4 minutes & 59.407 seconds
HS Image # - 3004
Tensile crack (G) propagates down
through the left-hand inclusion
boundary.
As both shear cracks (F&H) propagate
towards their respective specimen
boundaries, surface cracking
propagates from the shear cracks.
- 284 -
1
(23.89 MPa)
Time: 4 minutes & 59.589 seconds
HS Image # - 2095
Tensile crack (G) continues to
propagate down through the left-hand
inclusion boundary, until it coalesces
with shear crack (H).
Surface cracking increases around
both shear cracks (F&H).
(Recorded by High Speed Video System)
G(T)6
H(S) 7
D(T)3
- 285 -
(23.90 MPa)
Time: 4 minutes & 59.601 seconds
HS Image # - 2035
The surface cracks that propagated
from shear crack (H) coalesce with the
left-hand specimen boundary.
As surface spalling (*) detaches from
the specimen face, other larger pieces
of surface spalling form adjacent to the
initial surface crack located within the
inclusion.
(Recorded by High Speed Video System)
G(T)6
D(T) 3
-286-
(Recorded by High Speed Video System)
(Recorded by High Speed Video System)
(23.90 MPa)
Time: 4 minutes & 59.605 seconds
HS Image # - 2015
As the surface cracks coalesce with
one another, a large piece of specimen
(*) detaches from the face.
23.921 MPa [Max. Stress] - FAILURE
Time: 4 minutes & 59.646 seconds
HS Image # - 1807
Both shear cracks (F&H) coalesce with
their respective boundaries.
-287-
I
(Recorded by High Speed Video System)
(0 MPa - Final Picture)
HS Image # - 510
The true paths of shear cracks (F&H)
can be seen in this picture.
-288-
I
(Recorded by Camcorder)
(Recorded by Camcorder)
A good post-test view of shear crack
(H) can be seen in this picture.
A good post-test view of shear crack
(F) can be seen in this picture.
- 289 -
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
- 290 -
I
APPENDIX C - Half-inch Single Inclusions
This appendix contains the detailed analyses for specimens with single, half-inch inclusions.
Two different inclusion geometries were tested (circle and square) with either an Ultracal or
plaster inclusion; one complete analysis for each specimen type is presented, while only
summaries of the other specimens are presented. For a complete summary of results, refer to
Section 4.4. A list of tested specimens is summarized below.
CR(Pl)-A SQ(Pl)-A
Plaster CR(Pl)-B SQ(PI)-B*
CR(Pl)-C* SQ(P1)-C
* A complete analysis for this specimen is presented in the Appendix.
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SUMMARY
Specimen Number: CR(PI)-A (20080828)
-292-
CR(PI)-A (Test Date 20080828)
35.0
30.0
25.0
. 20.0
( 15.0
0 Maximum Stress (29.972 MPa,
c 10.0 0.668% Axial Strain)
SOTensile Crack Initiation (13.00
MPa, 0.354% Axial Strain)
5.0 Shear Crack Initiation (21.81 MPa,
0.497% Axial Strain)
0.0 I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(21.11 MPa)
Time: 6 minutes & 18.909 seconds
HS Image # - 2564
Tensile crack (G) continues to
propagate downwards, after its
coalescence with shear crack (H).
Shear crack (C) then continues to
propagate, until its coalescence with
tensile crack (J). Spalling (*) initiates
adjacent to shear crack (C).
(Recorded by High Speed Video System)
- 293 -
SUMMARY
Specimen Number: CR(PI)-B (20090117)
-294-
CR(PI)-B (Test Date 20090117)
40.0
35.0
30.0
S 25.0C-
0 20.0
0 15.0S2 15.0- l Maximum Stress (33.890 MPa,
co 0.682% Axial Strain)
10.0 OTensile Crack Initiation (30.31
MPa, 0.612% Axial Strain)
5.0 - Shear Crack Initiation (32.44 MPa,
0.654% Axial Strain)
0.0 I I 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(18.97 MPa)
Time: 7 minutes & 7.617 seconds
HS Image # - 2972
As the surface "wing" cracks
associated with the pre-test surface
crack continue to propagate, one of the
wing cracks (*) begins to propagate
into the surrounding Hydrocal matrix.
Tensile crack (I) then initiates at the
upper specimen boundary and
propagates downwards.
(Recorded by High Speed Video System)
T )T T)5
B(s)
H(T)7
E(S) G(S)
C(T)2
- 295 -
Specimen Number: CR(PI)-C (20090117)
-296-
CR(PI)-C (Test Date 20090117)
40.0
35.0
30.0 -
25.0
0.
S 20.0
6 15.0 O Maximum Stress (34.54 MPa,
0.675% Axial Strain)
10.0 -
- Tensile Crack Initiation (34.34
MPa, 0.658% Axial Strain)
5.0 - Shear Crack Initiation (34.34 MPa,
0.658% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLE - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-297-
(34.34 MPa)
- Tensile Crack Initiation
- Shear Crack Initiation
Time: 7 minutes & 12.70 seconds
The following occurs "simultaneously":
Debonding initiates at the left-hand
inclusion boundary.
Tensile cracks (A&B) initiate at the
inclusion boundary and propagate
upwards and downwards, respectively.
Tensile crack (C) initiates at the lower
specimen boundary and propagates
(Recorded by High Speed Video System) upwards.
Shear crack (D) initiates at the
inclusion boundary. Based on previous
trends, it is assumed that shear crack
A(T), (D) then propagates towards tensile
crack (C) in the direction indicated,
though it could not be confirmed.
D(S) 2
B(T)
C(T),
-298-
(34.54 MPa) [Max. Stress]
Time: 7 minutes & 15.492 seconds
Tensile crack (E) initiates adjacent to
tensile crack (B).
(Recorded by High Speed Video System)
A(T),
D(S) 2
B(T),
C(T), E(T)2
- 299 -
(Recorded by High Speed Video System)
A(T)I
D(S)2
B(T)
F(T)3
E(T)
2
C(T),I
(34.20 MPa)
Time: 7 minutes & 15.499 seconds
HS Image # - 3482
Tensile crack (F) initiates
specimen boundary and
upwards.
at the lower
propagates
- 300 -
I
I
(34.06 MPa)
Time: 7 minutes & 15.501 seconds
HS Image # - 3468
Tensile crack (G) initiates at the lower
specimen boundary and propagates
upwards adjacent to tensile crack (C).
Tensile crack (H) then initiates at the
lower specimen boundary and
propagates upwards.
(Recorded by High Speed Video System)
A(T),
D(S) 2
F(T)3  B(T),
H(T)5  C(T)1
) E(T)2
G(T)4
- 301 -
(33.92 MPa)
Time: 7 minutes & 15.504 seconds
HS Image # - 3455
Tensile crack (H) continues to
propagate, which results in the
detachment of a specimen piece at the
left boundary.
(Recorded by High Speed Video System)
H(T) 5
- 302 -
(Recorded by High Speed Video System)
A(T),
H(T)5
(31.38 MPa)
Time: 7 minutes & 15.553 seconds
HS Image # - 3208
Tensile crack (I) initiates within the
inclusion.
- 303 -
I
(Recorded by High Speed Video System)
H(T)5  A(T)I
D(S) 2  T)6
?( )
(30.92 MPa)
Time: 7 minutes & 15.562 seconds
HS Image # - 3163
Shear crack
boundary.
propagation
determined,
trends the
made.
(J) initiates at the inclusion
The shearing and
direction could not be
but based on previous
depicted assumption was
Tensile crack (I) then propagates
downwards and coalesces with tensile
crack (E).
- 304 -
I
- 305 -
(Recorded by High Speed Video System)
A(T),H(T)5
(28.15 MPa)
Time: 7 minutes & 15.597 seconds
HS Image # - 2991
Tensile crack (I) continues to
propagate upwards and coalesces with
tensile crack (K).
- 306 -
I
(27.98 MPa)
Time: 7 minutes & 15.598 seconds
HS Image # - 2986
Tensile crack (L) initiates at the upper
specimen boundary and propagates
downwards. Surface crack (surf.)
initiates "simultaneously" with the
initiation of tensile crack (L).
(Recorded by High Speed Video System)
L(T) 9A(T),H(T),
surf.
K(T)
D(S)6(S) 6 J(S)
F(T)3  B(T),
C(T),
E(T)2
G(T)4 I
- 307 -
(27.88 MPa)
Time: 7 minutes & 15.598 seconds
HS Image # - 2983
Tensile crack (L) continues to
propagate, which results in the
detachment of a specimen piece at the
right boundary.
(Recorded by High Speed Video System)
L(T)
9A(T)H(T)s A(T),
Ssurf.
DK(T)(
D(S)2 6
- 308 -
(Recorded by High Speed Video System)
M(T) 10
J(S)
7
2
(27.85 MPa)
Time: 7 minutes & 15.599 seconds
HS Image # - 2982
Tensile crack (M) initiates at the upper
specimen boundary and propagates
downwards, until its coalescence with
tensile crack (K) in shear.
- 309 -
--- I
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 16.063 seconds
HS Image # - 661
-310-
I
CR(PI)-C Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
-311-
SUMMARY
Specimen Number: CR(UI)-A (20080828)
*Specimen labeled as
CR(UI)-D for the experiment*
- 312 -
CR(UI)-A (Test Date 20080828)
40.0 ......
35.0 -
30.0
25.0
020.0
,M 20.0 
_"_
) 15.0 -] Maximum Stress (35.652 MPa,
S0.696% Axial Strain)
10.0 
- *Tensile Crack Initiation (34.28
MPa, 0.701% Axial Strain)
5.0 
- Shear Crack Initiation (33.77 MPa,
0.712% Axial Strain)
0.0 I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
-313-
SUMMARY
Specimen Number: CR(UI)-B (20080828)
*Specimen labeled as
CR(UI)-E for the experiment*
-314-
CR(UI)-B (Test Date 20080828)
40.0 -
35.0 -
30.0
25.0
o 20.0
15.0 C Maximum Stress (33.509 MPa,
z 0.699% Axial Strain)
10.0 0 Tensile Crack Initiation (26.73
MPa, 0.579% Axial Strain)
5.0 - Shear Crack Initiation (33.06 MPa,
0.703% Axial Strain)
0.0 - - I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
-315-
Specimen Number: CR(UI)-C (20090117)
-316-
CR(UI)-C (Test Date 20090117)
40.0
35.0
30.0
25.0
C-
% 20.0
15.0 ] Maximum Stress (34.511 MPa,
(0 0.690% Axial Strain)
10.0 O Tensile Crack Initiation (27.63
MPa, 0.573% Axial Strain)
5.0 - Shear Crack Initiation (31.29 MPa,
0.640% Axial Strain)
0.0* I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLE - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-317-
I
1
(Recorded by High Speed Video System)
(27.63 MPa)
- Tensile Crack Initiation
Time: 5 minutes & 42.81 seconds
Tensile crack (A) initiates at the lower
specimen boundary and propagates
upwards, which results in the
detachment of a specimen piece at the
right boundary.
-318-
I
I
(29.08 MPa)
Time: 6 minutes & 3.23 seconds
The following occurs "simultaneously":
As debonding initiates at the right-hand
and left-hand inclusion boundary,
tensile cracks (B&C) initiate above and
below the inclusion, respectively.
Tensile cracks (B&C) propagate
towards their respective specimen
boundaries.
(Recorded by High Speed Video System)
A(T)
C(T)2
I ____________________________________________________________________
-319-
(Recorded by High Speed Video System)
B(T)2
D(S) 3
C(T)
(31.29 MPa)
- Shear Crack Initiation
Time: 6 minutes & 34.61 seconds
Tensile crack
propagate and
inclusion boundar
(B) continues
coalesces with
to
the
Shear crack (D) initiates at the
inclusion boundary and propagates
upwards.
-320-
I
I
(34.511 MPa) [Max. Stress]
Time: 7 minutes & 19.832 seconds
Tensile cracks (E&F) initiate at the
upper specimen boundary and
propagate downwards.
Tensile crack (C) then continues to
propagate and coalesces with the
inclusion boundary.
Tensile crack (G) then initiates at the
inclusion boundary and propagates
(Recorded by High Speed Video System) downwards.
E(T)4
B(T)2
F(T)4
D(S),
G(T)5
c(T)2
-321-
I
(21.75 MPa)
Time: 7 minutes & 20.275 seconds
HS Image # - 2891
Tensile crack (G) continues to
propagate towards the lower specimen
boundary.
(Recorded by High Speed Video System)
E(T)4
B(T) 2
F(T)4
D(S) 3
G(T)5
A(T),
C(T)2
- 322 -
(21.47 MPa)
Time: 7 minutes & 20.276 seconds
HS Image # - 2884
Another piece of specimen detaches (*)
from the lower right boundary.
Shear crack (H) then initiates at the
inclusion boundary and propagates
upwards.
(Recorded by High Speed Video System)
E(T)4
B(T)2
F(T)4
H(S) 6  D(S) 3
G(T)5
A(T),
C(T)2 iC
- 323 -
(20.19 MPa)
Time: 7 minutes & 20.282 seconds
HS Image # - 2853
Spalling (*) occurs adjacent to shear
crack (D).
As shear crack (D) continues to
propagate, tensile crack (I) initiates at
shear crack (D) and propagates
upwards.
(Recorded by High Speed Video System)
E(T)4
B(T) 2  I(T)7
F(T)4
H(S) 6  D(S) 3
G(T)5
A(T),
C(T)
2
-324-
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 20.802 seconds
HS Image # - 257
- 325 -
CR(U1)-C
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
- 326 -
I
i
I
SUMMARY
Specimen Number: SQ(PI)-A (20090117)
-327-
SQ(PI)-A (Test Date 20090117)
45.0
40.0
35.0 -
30.0
C. 25.0
0 20.0
15.0 0 Maximum Stress (40.208 MPa,
ca 0.741% Axial Strain)
10.0 - *Tensile Crack Initiation (28.67
MPa, 0.567% Axial Strain)
5.0 - Shear Crack Initiation (30.03 MPa, -
0.830% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(29.32 MPa)
Time: 8 minutes & 40.561 seconds
HS Image # - 3252
As shear crack (G) continues to
propagate, tensile crack (L) initiates at
the lower specimen boundary and
coalesces with shear crack (G).
(Recorded by High Speed Video System)
4(T)4
I(T),
E(T)4
B(T)2 \ G(S)
C(S) , H(S) 6
surf.
surf. L K(T)9J(T)L D (T)A
J(T), D(T) A(T)
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Specimen Number: SQ(PI)-B (20090117)
- 329 -
SQ(PI)-B (Test Date 20090117)
45.0-
40.0
35.0 -O M t 7
30.0 A
0. 25.0
) 20.0
C O 1 5 .0
10.0 " E 0Maximum Stress (36.720 MPa,
0.690% Axial Strain)
5.0 t, OTensile Crack Initiation (35.54
MPa, 0.643% Axial Strain
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARE - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-330-
I
I
(35.54 MPa)
- Tensile Crack Initiation
Time: 7 minutes & 34.00 seconds
Tensile crack (A) initiates at the upper
specimen boundary and propagates
downwards, which results in the
detachment of a large specimen piece
at the upper left boundary.
(Recorded by High Speed Video System)
A(T)
-331-
I
(Recorded by High Speed Video System)
(36.720 MPa) [Max. Stress]
Time: 7 minutes & 50.43 seconds
Tensile crack (B) initiates at the upper
specimen boundary and propagates
downwards, which results in the
detachment of another specimen piece
at the left boundary.
- 332 -
I
(33.95 MPa)
Time: 7 minutes & 50.628 seconds
HS Image # - 4262
Another piece of specimen detaches (*)
from the left boundary prior to tensile
crack initiation at the inclusion
boundary.
(Recorded by High Speed Video System)
-333-
I
(26.47 MPa)
Time: 7 minutes & 50.664 seconds
HS Image # - 4080
Debonding at the inclusion boundary
occurs "simultaneously" with the
initiation of tensile cracks (C&D).
Tensile crack (C) propagates upwards
towards the upper specimen boundary,
while tensile crack (D) propagates
downwards towards the lower
specimen boundary.
(Recorded by High Speed Video System)
C(T)3
D(T)3
-334-
(Recorded by High Speed Video System)
D(T) 3
(26.34 MPa)
Time: 7 minutes & 50.665 seconds
HS Image # - 4077
Tensile crack (E) initiates at the upper
specimen boundary and propagates
downwards.
-335-
(26.22 MPa)
Time: 7 minutes & 50.666 seconds
HS Image # - 4074
Tensile crack (F) initiates at the lower
specimen boundary and propagates
upwards, which results in the
detachment of a specimen piece at the
lower right boundary.
(Recorded by High Speed Video System)
E(T)4
C(T)3
D(T)3
B(T) 2 F(T)
-336-
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 51.389 seconds
HS Image # -459
- 337 -
I
I
Upper edge of the specimen.
- 338 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
SUMMARY
Specimen Number: SQ(PI)-C (20090117)
- 339 -
(Recorded by High Speed Video System)
(Recorded by Camcorder)
(0 MPa) - Final Picture
Time: 7 minutes & 59.85 seconds
Based on post-mortem pictures, it is
assumed that tensile crack (F) initiates
at the lower specimen boundary and
propagates upwards through the
inclusion.
Based on previous trends, it is also
assumed that debonding initiates at
the right-hand inclusion boundary, and
then tensile crack (G) initiates at the
inclusion boundary and propagates
downwards.
- 340 -
Specimen Number: SQ(Ul)-A (20090117)
- 341 -
SQ(Ul)-A (Test Date 20090117)
45.0
40.0
35.0
30.0 -
0. 25.0
0 20.0
.$ 15.0
10.0 O Maximum Stress (38.690 MPa,
0.755% Axial Strain)
5.0 ,' OTensile Crack Initiation (31.27
MPa, 0.637% Axial Strain)
0.0 I I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARE - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 342 -
I
(Recorded by High Speed Video System)
(31.27 MPa)
- Tensile Crack Initiation
Time: 6 minutes & 39.06 seconds
Tensile crack (A) initiates at the upper
specimen boundary and propagates
downwards, which results in the
detachment of a large specimen piece
at the right boundary.
- 343 -
I
I
(Recorded by High Speed Video System)
(38.690 MPa) [Max. Stress]
Time: 8 minutes & 24.048 seconds
Tensile crack (B) initiates at the upper
specimen boundary and propagates
downwards, which results in the
detachment of a specimen piece at the
left boundary.
- 344 -
I
I i
(21.91 MPa)
Time: 8 minutes & 24.205 seconds
HS Image # - 3391
Tensile crack (C) initiates at the lower
specimen boundary and propagates
upwards, which results in additional
detachment at the left boundary.
(Recorded by High Speed Video System)
A(T)
C(T)3
- 345 -
(Recorded by High Speed Video System)
F(T)
5
EI I(TL
D(T)
4
C(T) 3
(19.03 MPa)
Time: 8 minutes & 24.214 seconds
HS Image # - 3344
A series of tensile cracks (D) initiate at
the lower specimen boundary and
propagate upwards.
Debonding then initiates at the right-
hand and left-hand inclusion boundary,
"simultaneously" with the initiation of
tensile cracks (E&F).
The initiation point of tensile crack (F)
was not determined. It either initiated
at the upper specimen boundary and
propagated downwards, or initiated just
above the inclusion boundary and
propagated upwards.
- 346 -
I
(Recorded by High Speed Video System)
F(T)5
A(T)
E(T)5 G(T)
H(T)6
D(T)
C(T),
(18.97 MPa)
Time: 8 minutes & 24.214 seconds
HS Image # - 3343
Tensile cracks (G&H) initiate at the
inclusion boundary and propagate
upwards and downwards, respectively.
Two segments of tensile crack (D)
continue to propagate and coalesce.
- 347 -
(Recorded by High Speed Video System)
F(T)5
E(T) I
G(T)6
H(T)6
C(T)3
(18.85 MPa)
Time: 8 minutes & 24.215 seconds
HS Image # - 3341
The propagation of tensile cracks
(G&H) results in the detachment of a
large piece of specimen at the right
boundary.
- 348 -
I
I
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 8 minutes & 24.515 seconds
HS Image # - 1838
- 349 -
Upper edge of the specimen.
-350-
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
+
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I I
I
SUMMARY
Specimen Number: SQ(UI)-B (20090117)
- 351 -
SQ(UI)-B (Test Date 20090117)
50.0
45.0
40.0
35.0
a 30.0
% 25.0
0 20.0
2 Maximum Stress (44.873 MPa,
4 15.0 - 0.774% Axial Strain)
* Tensile Crack Initiation (44.87
10.0 
- MPa, 0.774% Axial Strain)
5.0 Shear Crack Initiation (27.46 MPa,0.952% Axial Strain)
0.0I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Axial Strain (%)
(26.79 MPa)
Time: 9 minutes & 46.085 seconds
HS Image # - 3344
Tensile crack (F) initiates at the lower
specimen boundary and propagates
upwards, which results in the
detachment of a specimen piece at the
right boundary.
SSurface crack (surf.") then initiates at
the lower specimen boundary and
propagates upwards.
(Recorded by High Speed Video System)
B(T)2 F(T)
E(S)
3  YU 
uf
D su rf."
A(T) I
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SUMMARY
Specimen Number: SQ(UI)-C (20090117)
- 353 -
SQ(UI)-C (Test Date 20090117)
35.0 -
30.0
25.0
C.L 20.0
0 15.0
CO 10.0
E Maximum Stress (33.224 MPa,
5.0 0.642% Axial Strain)
* Tensile Crack Initiation (25.56
MPa, 0.516% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
E(T)
5
B(T)
2
(24.65 MPa)
Time: 6 minutes & 58.478 seconds
HS Image # - 2413
Tensile crack (F) initiates
specimen boundary and
upwards.
at the lower
propagates
-354-
I
I
APPENDIX D - Circular, Half-inch Inclusion Pairs
This appendix contains the detailed analyses for specimens with circular, half-inch inclusion
pairs. These specimens contained either an Ultracal, or plaster, inclusion pair. One complete
analysis for every geometric series is presented, while only summaries of the other specimens are
presented. For a complete summary of results, refer to Chapter 5. A list of tested specimens is
summarized below.
CR(Pl)-O-OA
CR(Pl)-O-OB
CR(Pl)-0-0C*
CR(Pl)-30-OA
CR(Pl)-30-OB*
CR(Pl)-30-OC
UK(I)-OU-UA
CR(Pl)-60-OB*
CR(Pl)-60-OC
CR(Ul)-O-OA CR(Ul)-30-0A* CR(U1)-60-0A
Ultracal CR(Ul)-O-OB CR(Ul)-30-OB CR(Ul)-60-0B
tCR(Ul)-0-C* CR(Ul)-30-C CR(Ul)-60-C*
* A complete analysis for this specimen is presented in the Appendix.
- 355 -
Plaster
SUMMARY
Specimen Number: CR(PI)-0-0B (20080812)
-356-
CR(PI)-0-OB (Test Date 20080812)
35.0 -
30.0
25.0
I 20.0
) 15.0
c) 10.0
I Maximum Stress (29.981 MPa, 0.693%
5. Axial Strain)
OTensile Crack Initiation (29.98 MPa,
0.693% Axial Strain)
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(29.12 MPa)
Time: 6 minutes & 26.576 seconds
HS Image # - 3336
Shear crack (G) initiates at the left-
hand inclusion boundary and
propagates away from the inclusion.
Tensile crack (H), which appears to be
en echelon in nature, initiates at the
lower specimen boundary and
propagates until its coalescence with
shear crack (G).
(Recorded by High Speed Video System)
B'(T)3
G S)8  B(T)2
A F(S) D(S)sA(T) * c
H(T)9 * C'(T)3 E(T)6
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Specimen Number: CR(PI)-0-OC (20080812)
-358-
CR(PI)-O-OC (Test Date 20080812)
35.0
30.0
25.0
r 20.0
( 15.0
CO 10.0
0 Maximum Stress (29.585 MPa, 0.663%
_5.0 - Axial Strain)
OTensile Crack Initiation (29.49 MPa,
0.642% Axial Strain
0.0 I I I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Plaster Material
Inclusion less stiff than matrix.
Initial surface crack present prior to
testing within the left-hand inclusion.
High Speed Camera Frame Rate:
5000 pps
-359-
I
(26.48 MPa)
Time: 5 minutes & 33.432 seconds
Prior to tensile crack initiation at the
inclusion boundary, a surface crack
(surf.) initiates at the pre-test surface
crack within the left-hand inclusion.
(Recorded by High Speed Video System)
.surf.
-360-
(29.49 MPa)
- Tensile Crack Initiation
Time: 6 minutes & 18.68 seconds
Tensile crack (A) initiates at the upper
boundary of the left-hand inclusion and
propagates upwards. Tensile crack (B)
initiates at the lower boundary of the
left-hand inclusion and propagates
downwards. Tensile cracks (A&B)
coalesce by propagating around the
right-hand inclusion boundary.
(Recorded by High Speed Video System) A small piece of specimen then
detaches from the upper left-hand
specimen boundary. Tensile crack (C)
initiates at the lower boundary of the
left-hand inclusion, while a surface
crack (surf.) initiates at the upper
inclusion boundary.
A(T),
surf.
),
-361-
(29.585 MPa) [Max. Stress] - FAILURE
Time: 6 minutes & 19.182 seconds
HS Image # - 3426
Shear cracks (D&E) initiate at the
boundary of the left-hand inclusion and
propagate away from the inclusion.
Tensile crack (F) then initiates at the
upper specimen boundary and
propagates until its coalescence with
shear crack (D).
(Recorded by High Speed Video System)
F(T) 4
A(T)j
surf.
C(T)2
B(T),
- 362 -
(29.24 MPa)
Time: 6 minutes & 19.425 seconds
HS Image # - 2212
Tensile crack (C) coalesces with tensile
crack (B), which results in the increase
of the apertures of tensile cracks
(B&C).
(Recorded by High Speed Video System)
F(T)4
A(T),
E(S)3
- 363 -
(Recorded by High Speed Video System)
G(T)5
(28.06 MPa)
Time: 6 minutes & 19.450 seconds
HS Image # - 2090
Tensile crack (G) initiates at shear
crack (E) and propagates until its
coalescence with tensile crack (A).
-364-
I
I
I
(Recorded by High Speed Video System)
A(T),
F(T)4
G(T)s
surf. ( H(S)0
D(S) I
E(S) 3
C(T) B
B(),
(28.04 MPa)
Time: 6 minutes & 19.450 seconds
HS Image # - 2089
Shear crack (H)
hand boundary
inclusion.
initiates at the left-
of the right-hand
Tensile crack (I) initiates at the lower
boundary of the right-hand inclusion
and propagates downwards.
- 365 -
(Recorded by High Speed Video System)
H(S)
I(T),
8
(28.03 MPa)
Time: 6 minutes & 19.450 seconds
HS Image # - 2088
Tensile crack (J) initiates at shear
crack (H) and propagates downwards.
Tensile crack (K) initiates
specimen boundary and
upwards.
at the lower
propagates
Surface cracking (*) initiates at the
upper face of the specimen.
-366-
I
I
(20.07 MPa)
Time: 6 minutes & 19.556 seconds
HS Image # - 1558
A large piece of material detaches from
the specimen face, as a result of the
previously initiated surface cracking.
Tensile crack (K) propagates until its
coalescence with the right-hand
specimen boundary, which results in
the detachment of a specimen piece.
(Recorded by High Speed Video System)
1(T)'
-367-
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 6 minutes & 19.867 seconds
HS Image # - 1
Shear cracks
failure.
(E&H) coalesce after
-368-
I
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a
with the openings between
the brush platen.
(*) coincide
the teeth of
- 369 -
I
I
SUMMARY
Specimen Number: CR(UI)-0-OA (20080812)
-370-
CR(UI)-0-OA (Test Date 20080812)
35.0
30.0
25.0
. 20.0
(0 15.0Co
() 10.0 
_
O Maximum Stress (31.621 MPa, 0.602%
Axial Strain)
O5.0 Tensile Crack Initiation (31.29 MPa,
0.605% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
*
C()
C'(T)3
(28.95 MPa)
Time: 6 minutes & 42.586 seconds
HS Image # - 2069
Shear cracks (H&I) propagate until
their coalescence with tensile crack (J).
Shear crack (K) initiates at the
boundary of the right-hand inclusion
and propagates towards the right-hand
specimen boundary.
Surface cracks (*) also
specimen face. The
crack (*) appears to be
form.
initiate on the
lower surface
en echelon in
-371-
D(T)3
I
I
SUMMARY
Specimen Number: CR(UI)-0-0B (20080812)
- 372 -
CR(UI)-0-OB (Test Date 20080812)
35.0
30.0
25.0
. 20.0
(0 15.0
0
c 10.0 .
0 Maximum Stress (30.981 MPa, 0.581%
Axial Strain)
5oTensile Crack Initiation (30.94 MPa,
0.581% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
I(Recorded by High Speed Video System)
D(T)5
(30.93 MPa) - Ultimate Failure
Time: 6 minutes & 37.618 seconds
HS Image # - 1929
The coalescence of tensile crack (B)
with the lower specimen boundary
results in the detachment of a piece of
specimen.
Shear crack (K) initiates at the
boundary of the right-hand inclusion
and propagates away from the
inclusion.
- 373 -
Specimen Number: CR(UI)-O-OC (20080812)
-374-
CR(UI)-0-OC (Test Date 20080812)
35.0
30.0 -
25.0 -
. 20.0
0 15.0
0 Maximum Stress (32.802 MPa, 0.671%
5. Axial Strain)
5.0 OTensile Crack Initiation (32.80 MPa,
0.671% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 375 -
(Recorded by High Speed Video System)
(32.802 MPa) [Max. Stress]
Time: 7 minutes & 7.334 seconds
Prior to tensile crack initiation at the
inclusion boundary, a tensile crack (A)
initiates at the lower specimen
boundary and propagates upwards.
- 376 -
I
(Recorded by High Speed Video System)
A(T)1
(32.38 MPa)
- Tensile Crack Initiation
Time: 7 minutes & 7.586 seconds
HS Image # - 3786
Tensile cracks (B&C) initiate at the
boundary of the right-hand inclusion.
-377-
B(T)2
(32.37 MPa)
Time: 7 minutes & 7.586 seconds
HS Image # - 3785
As tensile cracks (B&C) propagate
towards their respective boundaries,
tensile crack (D) initiates at the
boundary of the right-hand inclusion. A
surface crack (*) then initiates at the
lower boundary of the right-hand
inclusion.
Tensile cracks (B&C) begin
(Recorded by High Speed Video System) propagating along the boundary of the
right-hand inclusion.
A surface crack (surf.) also initiates
within the right-hand inclusion.
B(T)2  jD(T)3
surf. /
C(T)2
- 378 -
(32.35 MPa)
Time: 7 minutes & 7.586 seconds
HS Image # - 3784
Tensile crack (D) begins to propagate
into the inclusion, until its coalescence
with surface crack (surf.). Surface
crack (*) also begins to propagate into
the right-hand inclusion.
(Recorded by High Speed Video System)
B(T) 2  D(T)3
surf.
c(T)2
A(T),
(Recorded by High Speed Video System)
(16.68 MPa)
Time: 7 minutes & 7.785 seconds
HS Image # - 2789
Surface crack (*) continues to
propagate into the right-hand inclusion
until its coalescence with surface crack
(surf.).
Tensile cracks (C') initiates at the right-
hand inclusion boundary and
propagates into the inclusion.
I
(Recorded by High Speed Video System)
B(T)2 D(T)3
(15.89 MPa)
Time: 7 minutes & 7.795 seconds
HS Image # - 2739
Tensile crack (A) continues to
propagate upwards and curves away
as it propagates adjacent to the right-
hand inclusion.
Tensile crack (E) then initiates at the
lower specimen boundary and
propagates upwards adjacent to the
right-hand inclusion. This initiates
shear crack (F) which propagates until
its coalescence with tensile crack (E).
-381-
(Recorded by High Speed Video System)
(15.83 MPa)
Time: 7 minutes & 7.796 seconds
HS Image # - 2735
The propagation of tensile crack (A)
results in the detachment of a
specimen piece from the right-hand
boundary.
- 382 -
I
(15.68 MPa)
Time: 7 minutes & 7.798 seconds
HS Image # - 2726
Tensile crack (G) initiates at the upper
specimen boundary and propagates,
which results in the detachment of a
specimen piece from the left-hand
boundary.
(Recorded by High Speed Video System)
G(T) 7 I I
- 383 -
(Recorded by High Speed Video System)
(13.42 MPa)
Time: 7 minutes & 7.827 seconds
HS Image # - 2582
Tensile crack (H) initiates from the
lower specimen boundary and
propagates upwards.
Shear crack (I) initiates at the
boundary of the right-hand inclusion
and propagates until its coalescence
with tensile crack (H).
-384-
I
(Recorded by High Speed Video System)
G(T)7
(13.13 MPa)
Time: 7 minutes & 7.830 seconds
HS Image # - 2564
Tensile crack (J) initiates at the
boundary of the left-hand inclusion and
propagates downwards.
En echelon tensile crack (K) then
initiates at the upper boundary and
propagates downwards and along the
inclusion boundary. Shear crack (L)
also initiates at the boundary of the
left-hand inclusion and propagates until
its coalescence with tensile crack (H)
and shear crack (I).
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 8.343 seconds
HS Image # - 1
I
Upper edge of the specimen.
-387-
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
SUMMARY
Specimen Number: CR(PI)-30-OA (20080926)
- 388 -
CR(PI)-30-OA (Test Date 20080926)
40.0
35.0 -
30.0 -- "
25.0
2 20.0
15.0 -
10.0 / C O Maximum Stress (33.686 MPa, 0.686%
Axial Strain)
5.0 - *Tensile Crack Initiation (33.68 MPa,
0.686% Axial Strain)
0.01 I I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(21.37 MPa)
Time: 7 minutes & 16.339 seconds
HS Image # - 5187
The propagation of tensile crack (A)
results in the detachment of a large
piece of specimen from the right
boundary.
(Recorded by High Speed Video System)
A(T),
E(T)3
B(T )2
K(T)6  G(T)3
M(S),F(T) H(S),
Ic
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Specimen Number: CR(PI)-30-0B (20080926)
-390-
CR(PI)-30-OB (Test Date 20080926)
40.0
35.0 -
30.0
25.0
--
2 20.0
()
10.0 Z/ I oMaximum Stress (35.279 MPa, 0.635%
Z Axial Strain)
5.0 -_-0 Tensile Crack Initiation (35.27 MPa,
0.635% Axial Strain)
0.0 I I I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Plaster Material
Inclusions less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-391-
I
(35.279 MPa) [Max. Stress]
Time: 7 minutes & 33.36 seconds
Prior to tensile crack initiation at the
inclusion boundaries, tensile crack (A)
initiates at the upper specimen
boundary and propagates downwards,
which results in the detachment of a
specimen piece from the right
boundary.
(Recorded by High Speed Video System)
A(T),
- 392 -
(Recorded by High Speed Video System)
A(T)1
D(T)2
B(T)2
C(T)2
G(T)21J
i
F(S) 2
E(T)2
(35.27 MPa)
- Tensile Crack Initiation
Time: 7 minutes & 33.694 seconds
Tensile cracks (B,C,D,E,F&G) initiate
simultaneously.
Tensile cracks (B&C) initiate at the
boundary of the right-hand inclusion
and propagate upwards.
Tensile cracks (D&E) initiate at the
boundary of the left-hand inclusion and
propagate away from the inclusion.
Tensile crack (E) also begins to
propagate along the boundary of the
left-hand inclusion.
Shear crack (F) initiates at the
boundary of the left-hand inclusion and
propagates upwards towards the right-
hand inclusion.
Tensile crack (G) initiates within the
right-hand inclusion and propagates
downwards.
- 393 -
I
(26.60 MPa) - Ultimate Failure
Time: 7 minutes & 33.694 seconds
HS Image # - 2276
Shear crack (F) continues to propagate
until its coalescence with the boundary
of the right-hand inclusion.
Tensile crack (D) begins to propagate
into the left-hand inclusion, as a new
tensile crack (I) initiates within the left-
hand inclusion.
(Recorded by High Speed Video System) Tensile crack (H) initiates at the
boundary of the right-hand inclusion
and propagates downwards.
B(T)
D(T)2
A(T),
C(T)2
F(S)2
H(T),
E(T)2
- 394 -
(26.56 MPa)
Time: 7 minutes & 33.695 seconds
HS Image # - 2274
Tensile crack (J) initiates at the upper
specimen boundary and propagates
downwards. Shear crack (L) then
initiates at the boundary of the right-
hand inclusion and propagates until its
coalescence with tensile crack (J).
Tensile crack (K) initiates at the
boundary of the right-hand inclusion
(Recorded by High Speed Video System) and propagates downwards.
Spalling (*) occurs adjacent to shear
crack (F).
- 395 -
(26.46 MPa)
Time: 7 minutes & 33.696 seconds
HS Image # - 2269
Shear crack (M) initiates at the
boundary of the left-hand inclusion and
propagates downwards.
Tensile crack (N) then initiates at the
lower specimen boundary and
propagates upwards until its
coalescence with shear crack (M).
(Recorded by High Speed Video System)
D(T)2  (T2
J(T)4
C(T)2
G(T
M(S)L(
SF(S)2
S K(T)5
N(T)7 H(T),
E(T)2
- 396 -
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 34.149 seconds
HS Image # - 1
- 397 -
I
I
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
- 398 -
I
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SUMMARY
Specimen Number: CR(PI)-30-OC (20080926)
- 399 -
CR(PI)-30-OC (Test Date 20080926)
35.0
30.0
25.0
o. 20.0
(I) 15.0
cn 10.0 -
0 Maximum Stress (29.391 MPa, 0.644%
SAxial Strain)
5.0 / ZTensile Crack Initiation (26.45 MPa,
0.685% Axial Strain
0.0 I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
I(S)8
T)8
C(T) 3
E(T) 5
(24.10 MPa)
Time: 6 minutes & 14.477 seconds
HS Image # - 3091
The propagation of tensile crack (G)
results in the detachment of a large
specimen piece from the right
boundary.
- 400 -
B(T)2
D(T),
I
G(T)7
A(T),
Specimen Number: CR(UI)-30-OA (20080926)
-401-
CR(UI)-30-OA (Test Date 20080926)
30.0
25.0
20.0
%wo 15.0
10.0 30 Maximum Stress (24.642 MPa,
1. ,0.605% Axial Strain)
'OTensile Crack Initiation (21.75
5.0 -7MPa, 0.504% Axial Strain)
OCoalescence (24.64 MPa, 0.605%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Ultracal Material
Inclusions more stiff than matrix.
Initial surface crack present, prior to
testing, within left-hand inclusion.
High Speed Camera Frame Rate:
5000 pps
- 402 -
I
(21.75 MPa)
- Tensile Crack Initiation
Time: 4 minutes & 19.48 seconds
Tensile cracks (A&B) initiate within the
hydrocal matrix. Tensile crack (A)
initiates above the right-hand inclusion,
while tensile crack (B) initiates below
the left-hand inclusion.
(Recorded by High Speed Video System)
A(T),
B(T), I
- 403 -
(23.47 MPa)
Time: 4 minutes & 43.48 seconds
Shear crack (C) initiates at the
boundary of the right-hand inclusion
and propagates downwards towards
the left-hand inclusion.
(Recorded by High Speed Video System)
A(T)
- 404 -
(Recorded by High Speed Video System)
A(T),
(24.01 MPa)
Time: 4 minutes & 50.98 seconds
Tensile crack (D) initiates within the
matrix, above the left-hand inclusion,
and propagates upwards.
Tensile crack (E) then initiates at the
boundary of the left-hand inclusion and
also propagates upwards. Surface
cracks (surf.) initiate at the pre-test
surface crack within the left-hand
inclusion and propagate away from the
inclusion.
- 405 -
I
(24.64 MPa) [Max. Stress]
- Ultimate Failure
Time: 5 minutes & 0.228 seconds
Surface crack (surf.) initiates at shear
crack (C) and propagates upwards.
Shear crack (C) then continues to
propagate until its coalescence with the
boundary of the left-hand inclusion.
Surface crack (*) initiates at the pre-
test surface crack within the left-hand
(Recorded by High Speed Video System) inclusion.
Shear crack (F) initiates at the
boundary of the left-hand inclusion and
propagates downwards towards the left
specimen boundary.
D(T)3
A(T)i
G(T) Tensile crack (G) then initiates at shear
crack (C) and propagates upwards.
E(T)4  s
F(S) 5  \ C(S)2
B(T),
- 406 -
I
(Recorded by High Speed Video System)
D(T)3  A(T), H(T)7
G(T)6
B(T),
(23.07 MPa)
Time: 5 minutes & 0.328 seconds
HS Image # - 3789
Tensile crack (H) initiates at the upper
specimen boundary and propagates
downwards.
- 407 -
I
(Recorded by High Speed Video System)
E(T),
F(S) 5
A(T),
I(T)8
(23.07 MPa)
Time: 5 minutes & 0.328 seconds
HS Image # - 3788
Tensile crack (I) initiates below the
right-hand inclusion and propagates
downwards.
- 408 -
I
(22.47 MPa)
Time: 5 minutes & 0.366 seconds
HS Image # - 3598
Shear crack (J) initiates at the
boundary of the right-hand inclusion
and propagates upwards towards the
right specimen boundary.
(Recorded by High Speed Video System)
E(T)4
I(T)8
- 409 -
H(T)
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 5 minutes & 0.571 seconds
HS Image # - 2577
-410-
I
SUMMARY
Specimen Number: CR(UI)-30-0B (20080926)
-411-
CR(UI)-30-OB (Test Date 20080926)
35.0
OMaximum Stress (30.139 MPa,
30.0 0.689% Axial Strain)
OTensile Crack Initiation (30.13
MPa, 0.689% Axial Strain)25.0 OCoalescence (21.70 MPa, 0.784%
Axial Strain)
cc 20.0
U) 15.0
5.0
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(19.69 MPa)
Time: 6 minutes & 17.280 seconds
HS Image # - 5251
Tensile crack (I) continues to
propagate until its coalescence with the
boundary of the left-hand inclusion
boundary. Shear crack (H) initiates at
the tip of tensile crack (H) and
propagates until its coalescence with
tensile crack (I).
(Recorded by High Speed Video System)
H(S)4
I(T)M3
SUMMARY
Specimen Number: CR(UI)-30-OC (20080926)
-413-
CR(UI)-30-OC (Test Date 20080926)
35.0 -
30.0
25.0
IL 20.0
U) 15.0
0 Maximum Stress (29.823 MPa,
0 10.0 0.608% Axial Strain)
1'Tensile Crack Initiation (19.43
MPa, 0.434% Axial Strain)
5.0 O Coalescence (21.70 MPa, 0.705%
Axial Strain)
0 I I I0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
E(T) (T), H(T),
A(T), surf.
J(S)6  F(S) 2
... I I/ (1)/
I(T)5
D(T),
(25.64 MPa) - Ultimate Failure
Time: 6 minutes & 14.202 seconds
HS Image # -2989
Shear crack (J) continues to propagate
until its coalescence with the boundary
of the left-hand inclusion.
-414-
I
SUMMARY
Specimen Number: CR(PI)-60-OA (20081027)
CR(PI)-60-OA (Test Date 20081027)
40.0 -r--
35.0
30.0
25.0
20.0
15.0
10.0
A n
U. I
0.00
0 Maximum Stress (34.691 MPa,
0.718% Axial Strain)
STensile Crack Initiation (33.82
MPa, 0.696% Axial Strain)
0 Coalescence (33.70 MPa, 0.718% -
Axial Strain)
_ _ 
_ 
_ 
_
Axial Strain (%)
0.10 0.20 0.30 0.40 0.50 0.60 0.70
-415-
--~-----~-
0.80
(33.52 MPa)
Time: 7 minutes & 27.286 seconds
HS Image # - 3057
Tensile crack (G) initiates at the
boundary of the left-hand inclusion and
propagates downwards towards tensile
crack (A).
Spalling occurs adjacent to shear crack
(F).
(Recorded by High Speed Video System)
C(T)2
F(S) 3
F(T)4
E(T)2 D(T)2
SB((T T)
G(T) A(T),
-416-
Specimen Number: CR(PI)-60-0B (20081027)
- 417 -
CR(PI)-60-OB (Test Date 20081027)
35.0
30.0
25.0
. 20.0
15.0
S IMaximum Stress (31.887 MPa,
0 10.0 o 0.670% Axial Strain)
O Tensile Crack Initiation (31.58 MPa,
0.677% Axial Strain)
5.0 OCoalescence (25.98 MPa, 0.827%
Axial Strain)
0.0
0.00 0.20 0.40 0.60 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Plaster Material
Inclusions less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-418-
(Recorded by High Speed Video System)
(31.887 MPa) [Max. Stress]
Time: 6 minutes & 48.23 seconds
Prior to tensile crack initiation, a small
piece of specimen detaches (*) from
the upper right specimen boundary.
31
-419-
I
(31.58 MPa)
- Tensile Crack Initiation
Time: 6 minutes & 48.471 seconds
HS Image # - 3773
Tensile crack (A) initiates at the upper
specimen boundary and propagates
downwards towards the right-hand
inclusion.
(Recorded by High Speed Video System)
II
- 420 -
(31.58 MPa)
Time: 6 minutes & 48.472 seconds
HS Image # - 3769
Tensile cracks (B&C) initiate at the
boundary of the left-hand inclusion and
propagate downwards and upwards,
respectively.
(Recorded by High Speed Video System)
A(T)I
-421-
(31.57 MPa)
Time: 6 minutes & 48.482 seconds
HS Image # - 3718
Tensile crack (D) initiates at the
boundary of the right-hand inclusion
and propagates downwards.
Tensile crack (E) then initiates within
the center of the left-hand inclusion.
(Recorded by High Speed Video System)
A(T),
E(T)4
-422-
I
(31.53 MPa)
Time: 6 minutes & 48.585 seconds
HS Image # - 3207
Tensile crack (F) initiates at the
boundary of the right-hand inclusion
and propagates upwards.
(Recorded by High Speed Video System)
A(T),I I
F(T)5
C(T)2 D(T)
BE(J)4
B(T) 2
- 423 -
(Recorded by High Speed Video System)
A(T),
F(T)5
D(T) 3
(31.52 MPa)
Time: 6 minutes & 48.604 seconds
HS Image # - 3112
Tensile crack (G) initiates within the
center of the right-hand inclusion.
- 424 -
I
I
E( 4
(Recorded by High Speed Video System)
F(T)5
C(T) D(T) 3
H(T)
B(T)2
(31.51 MPa)
Time: 6 minutes & 48.634 seconds
HS Image # - 2962
Tensile crack (H) initiates at the
boundary of the left-hand inclusion and
propagates downwards.
-425-
(27.89 MPa)
Time: 6 minutes & 48.675 seconds
HS Image # - 2757
Shear cracks (l&J) initiate at the
boundary of the right-hand and left-
hand inclusions, respectively, and
propagate upwards and to the right.
Tensile crack (K) then initiates at the
boundary of the left-hand inclusion and
propagates upwards.
(Recorded by High Speed Video System)
A(T)
F(T))
C(T)2 K(T)9 D(T) 3
E(T)4 /
I J(S)8
H(T)
B(T)2 i
-426-
(Recorded by High Speed Video System)
A(T),
I (s),
C(T)2 K(T) D(T)3
(T)4 JK(
H(T) 7
B(T)2
(26.73 MPa)
Time: 6 minutes & 48.688 seconds
HS Image # - 2692
Shear crack (I) continues to propagate
until its coalescence with tensile crack
(A). As a result, spalling (*) occurs
adjacent to shear crack (I).
-427-
(26.29 MPa)
Time: 6 minutes & 48.693 seconds
HS Image # -2667
Tensile crack (G) continues to
propagate downwards into the hydrocal
matrix.
Tensile crack (L) then initiates at the
lower specimen boundary and
propagates upwards.
(Recorded by High Speed Video System)
A(T),
C(T)2 K(T), D(
T )3
Ae" 1  
A(T)4
J(S),L(T)10 B(T) I
- 428 -
I
(26.00 MPa)
Time: 6 minutes & 48.696 seconds
HS Image # - 2651
Shear crack (H) initiates at the tip of
tensile crack (H) and propagates
downwards until its coalescence with
tensile crack (B).
(Recorded by High Speed Video System)
A(T),
F(T)5
-429-
(Recorded by High Speed Video System)
K(T)9
E(T)4
H(T)
L(T)10 B(T)2
I(S) 8
(25.98 MPa) - Coalescence
Time: 6 minutes & 48.696 seconds
HS Image # - 2650
Tensile cracks (M&N) initiate at shear
crack (J) and propagate upwards and
downwards, respectively. Tensile crack
(M) continues to propagate until its
coalescence with the boundary of the
right-hand inclusion.
-430-
1
I
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 6 minutes & 49.226 seconds
HS Image # - 1
-431-
-432-
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
1
SUMMARY
Specimen Number: CR(PI)-60-OC (20081027)
-433-
CR(PI)-60-OC (Test Date 20081027)
40.0
35.0
30.0
S 25.0
20.0
) 15.0 Maximum Stress (35.258 MPa,
0U) 1 0.679% Axial Strain)
10.0 ' *Tensile Crack Initiation (35.25 MPa,
0.679% Axial Strain)
5.0 - OCoalescence (29.40 MPa, 0.810%
Axial Strain)
0.0 I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(29.38 MPa) - Coalescence
Time: 7 minutes & 27.601 seconds
HS Image # - 2775
Tensile crack (F) initiates at the lower
specimen boundary and propagates
upwards.
Tensile cracks (G&H) then initiate
simultaneously within the centers of
their respectively inclusions.
Spalling (*) occurs adjacent to shear
(Recorded by High Speed Video System) crack (E).
B(T)2  A(T )
H (T)4
D(T)2
GT)4  E(S)
2
F(T)3
- 434 -
SUMMARY
Specimen Number: CR(UI)-60-OA (20081027)
-435-
CR(UI)-60-OA (Test Date 20081027)
35.0 - --
30.0 -
25.0
. 20.0
15.0
, Maximum Stress (31.093 MPa,
0c 10.0 0.687% Axial Strain)
OTensile Crack Initiation (21.97 MPa,
0.520% Axial Strain)
OCoalescence (31.08 MPa, 0.687%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
H(S)6
A(T)
J(S)7
C(T),3
I(S),
D(T),
(T)5
G~(S) 5
F(T)4
E(T)3
(31.08 MPa) - Coalescence
Time: 6 minutes & 30.128 seconds
HS Image # - 3679
Shear crack (I) initiates
tensile cracks (C&G).
and coalesces
Shear crack (J) initiates and coalesces
the upper two portions of tensile crack
(C).
-436-
I
SUMMARY
Specimen Number: CR(UI)-60-OB (20081027)
- 437 -
CR(UI)-60-OB (Test Date 20081027)
35.0
30.0
25.0 /
CL 20.0
y 15.0
EOMaximum Stress (31.334 MPa,
,, 10.0 0.637% Axial Strain)
OTensile Crack Initiation (30.03 MPa,
0.590% Axial Strain)
5.0 - OCoalescence (22.69 MPa, 0.791%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
I(T)4
L(T) 7
H(S)3
(22.69 MPa) - Coalescence
Time: 6 minutes & 32.883 seconds
HS Image # - 2509
Tensile crack (K) initiates
specimen boundary and
upwards.
at the lower
propagates
Tensile crack (L) then initiates
upper specimen boundary
propagates downwards.
at the
and
Shear crack (G) continues to propagate
until its coalescence with tensile crack
(C).
Note the curved nature of tensile
cracks (K&L) when they propagate
adjacent to the two inclusions.
- 438 -
I
A(T),
Specimen Number: CR(UI)-60-OC (20081027)
- 439 -
CR(UI)-60-OC (Test Date 20081027)
35.0
30.0 -
25.0
0- 20.0 -
S15.0
2,O 0 Maximum Stress (30.899 MPa,
o10.0 0.688% Axial Strain)
OTensile Crack Initiation (17.45 MPa,
0.457% Axial Strain)
5.0 OCoalescence (17.23 MPa, 0.839%
Axial Strain)
0.0 I I I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
CIRCLES - Ultracal Material
Inclusions more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 440 -
I
(Recorded by High Speed Video System)
(17.45 MPa)
- Tensile Crack Initiation
Time: 3 minutes & 21.89 seconds
Prior to tensile crack
inclusion boundaries,
specimen detaches
boundary.
initiation at
a piece
from the
the
of
left
Tensile crack (A) also initiates at the
lower specimen boundary and
propagates upwards towards the left-
hand inclusion.
-441-
I
(Recorded by High Speed Video System)
A(T)
(30.90 MPa) [Max. Stress]
Time: 6 minutes & 32.674 seconds
Tensile crack (A)
propagate towards
inclusion.
continues to
the left-hand
- 442 -
1
(30.86 MPa)
Time: 6 minutes & 32.798 seconds
HS Image # - 5147
Tensile crack (B) initiates at the lower
specimen boundary and propagates
upwards, which results in the
detachment of a surficial piece of
specimen from the right boundary.
(Recorded by High Speed Video System)
A(T),
- 443 -
(Recorded by -
C(T) 3
(30.88 MPa)
Time: 6 minutes & 33.076 seconds
HS Image # - 3786
Tensile crack (C) initiates at the upper
specimen boundary and propagates
downwards until it intersects with the
lower specimen boundary. This results
in the detachment of a very large
specimen piece from the intact
specimen.
igh Speed Video System)
B(T) 2
SA(T),
- 444 -
I
(29.07 MPa)
Time: 6 minutes & 33.093 seconds
HS Image # - 3702
Tensile cracks (D&E) initiate at the
boundary of the left-hand inclusion and
propagate upwards and downwards,
respectively.
Tensile crack (A) continues to
propagate upwards until its
coalescence with the left-hand
inclusion boundary.
by High Speed Video System)
' - B(T)2
E(T)4
A(T),
- 445 -
(Recorded I
C(T)3
(Recorded by High Speed Video System)
C(T)3
(T 2
E(T) 4
G A(T)
A(T),
(29.00 MPa)
Time: 6 minutes & 33.093 seconds
HS Image # - 3699
Tensile cracks (D&E) propagate along
the left-hand inclusion boundary until
coalescence. The exact propagation
sequence could not be determined
from the high speed camera footage.
Tensile cracks (F&G) initiate at the
boundary of the right-hand inclusion
and propagate upwards and
downwards, respectively. It is then
assumed that only tensile crack (F)
propagates along the inclusion
boundary and into the surrounding
hydrocal matrix. This assumption is
based on the observation that no
inclusion debonding has occurred
between tensile cracks (G) and the
encircled tensile crack, which is
assumed to be an extension of tensile
crack (F). Refer to the circled portion
of the sketch.
- 446 -
I
(28.98 MPa)
Time: 6 minutes & 33.094 seconds
HS Image # - 3698
It is assumed that tensile crack (H)
initiates below the left-hand inclusion
and propagates upwards and
coalesces with tensile crack (A).
Tensile crack (H) then propagates
along a portion of tensile crack (A), the
boundary of the left-hand inclusion, and
then into the surrounding hydrocal
matrix above the left-hand inclusion.
(Recorded by High Speed Video System)
F(T)
C(T)3
G(T)5
B(T)2
E(T)4
H(T) 6
A(T),
- 447 -
(26.84 MPa)
Time: 6 minutes & 33.113 seconds
HS Image # - 3599
Shear cracks (l&J) initiate at the
boundary of the right-hand and left-
hand inclusion, respectively. Shear
crack (I) propagates downwards
towards tensile crack (D), while shear
crack (J) propagates upwards towards
tensile crack (G).
(Recorded by High Speed Video System)
F(T)
C(T),
I(s)7
D(T)4
G(T).
J(S)7
B(T)2
E(T)4
H(T)
A(T),
- 448 -
(Recorded by High Speed Video System)
C(T)3
F(T)5
I(S),
H(T),
(21.29 MPa)
Time: 6 minutes & 33.165 seconds
HS Image # - 3342
Tensile crack (K) initiates at the
boundary of the left-hand inclusion and
propagates downwards.
- 449 -
I
(20.32 MPa)
Time: 6 minutes & 33.174 seconds
HS Image # - 3297
Tensile crack (L) initiates at the lower
specimen boundary and propagates
upwards.
(Recorded by High Speed Video System)
F(T)5
C(T)3
I(S) 7
D(T)4
G (T )
,
J ( S ) 7
T (T), B(T)2
H(T)6 E(T)4 L(T)
A ( T )
,
- 450 -
(Recorded by High Speed Video System)
C(T)3
F(T)5
I(S) 7
L(T)9
(17.28 MPa)
Time: 6 minutes & 33.202 seconds
HS Image # - 3156
Tensile crack (M) initiates
specimen boundary and
upwards.
at the lower
propagates
-451-
(17.23 MPa)
Time: 6 minutes & 33.202 seconds
HS Image # - 3154
Shear crack (J) continues to propagate
until its coalescence with tensile crack
(G). Shear crack (I) then coalesces
with tensile crack (D), shortly
afterwards.
(Recorded by High Speed Video System)
F(T)
C(T)3
B(T)2
I(S)7
D(T),4
G(T),
.J(S) ,  M(T),10
H(T) (T)4, L
A(T),
-452-
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 6 minutes & 33.833 seconds
HS Image # - 1
- 453 -
I
Upper edge of the specimen.
- 454 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
i
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
I
APPENDIX E - Square, Half-inch Inclusion Pairs
This appendix contains the detailed analyses for specimens with square, half-inch inclusion pairs.
These specimens contained either an Ultracal, or plaster, inclusion pair. One complete analysis
for every geometric series is presented, while only summaries of the other specimens are
presented. For a complete summary of results, refer to Chapter 5. A list of tested specimens is
summarized below.
SQ(Pl)--45-OA
SQ(Pl)--45-OB*
SO(Pl)-45-0C
SQ(Pl)-30-OA
SQ(Pl)-30-OB
SQ(P1)-30-OC*
SQ(Pl)-60-OA
SQ(Pl)-60-OB
SQ(Pl)-60-OC*
SQ(Pl)-75-OA
SQ(Pl)-75-OB*
SQ(Pl)-75-OC
SQ(Ul)-45-OA SQ(Ul)-30-A* SQ(Ul)-60-A* SQ(Ul)-75-OA*
Ultracal SQ(Ul)-45-0B* SQ(Ul)-30-0B SQ(Ul)-60-0B SQ(U1)-75-OB
SSQ(Ul)-'45-OC SQ(U)-30-0C SQ(Ul)-60-OC SQ(U1)-75-OC
* A complete analysis for this specimen is presented in the Appendix.
-455-
Plaster
SUMMARY
Specimen Number: SQ(PI)-45-OA (20080829)
-456-
SQ(PI)--45-OA (Test Date 20080829)
35.0 -
30.0
25.0
I 20.0
O Maximum Stress (31.979 MPa, 0.647%
Axial Strain)
5.0
0.652% Axial Strain)
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(24.91 MPa) - Ultimate Failure
Time: 6 minutes & 48.437 seconds
HS Image # - 3746
Tensile crack (C) continues to
propagate along the inclusion
boundary until its coalescence with
tensile crack (G).
Shear crack (J) then continues to
propagate until its intersection with the
lower boundary of the left-hand
inclusion, which results in the
(Recorded by High Speed Video System) coalescence of the two inclusions. En
echelon tensile crack (K) initiates at the
lower specimen boundary and
propagates upwards simultaneously
with the coalescence of the inclusions.
H(T)6
E(T)3
F(T)4
G(T)5  B(T)2
J(s)
A(T),D(T)
K(T)q C(T )2
- 457 -
Specimen Number: SQ(PI)-45-OB (20080829)
- 458 -
SQ(PI)--45-0B (Test Date 20080829)
35.0
30.0
25.0
e 20.0
(I) 15.0
Q) 10.0 ,
0 Maximum Stress (33.236 MPa, 0.635%
Axial Strain)
5.0 OTensile Crack Initiation (33.23 MPa,
0.635% Axial Strain)
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARES - Plaster Material
Inclusion less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 459 -
I
I
(Recorded by High Speed Video System)
(33.235 MPa) [Max. Stress]
- Tensile Crack Initiation
Time: 7 minutes & 9.154 seconds
HS Image # - 3515
Tensile crack (A) initiates at the upper
boundary of the right-hand inclusion
and propagates upwards.
Tensile crack (B) initiates
"simultaneously" within the right-hand
inclusion.
- 460 -
I
(33.23 MPa)
Time: 7 minutes & 9.154 seconds
HS Image # - 3514
As tensile cracks (A&B) propagate,
tensile crack (C) initiates below the
right-hand inclusion.
(Recorded by High Speed Video System)
A(T),
B(T) 2
-461-
(33.23 MPa)
Time: 7 minutes & 9.155 seconds
HS Image # - 3510
Tensile crack (D) initiates at the upper
specimen boundary and propagates
downwards, which results in the
detachment of a specimen piece from
the right-hand specimen boundary.
(Recorded by High Speed Video System)
A(T),
B(T) D(T)
C(T)2
-462-
I
(32.96 MPa)
Time: 7 minutes & 9.236 seconds
HS Image # - 3107
Surface crack (surf.) initiates at the
upper corner of the right-hand inclusion
and propagates towards the specimen
boundary.
(Recorded by High Speed Video System)
A(T),
surf.
D(T)2
C(T)2
(32.80 MPa)
Time: 7 minutes & 9.281 seconds
HS Image # -2881
The propagation of surface crack (surf.)
results in the detachment of a surficial
piece of specimen.
(Recorded by High Speed Video System)
A(T))
D(T)B
C(T)2
(Recorded by High Speed Video System)
F(T) 5
E(S)4
G(T)5
A(
B(T) 2
C(T)
2
(26.34 MPa) - Ultimate Failure
Time: 7 minutes & 9.459 seconds
HS Image # - 1990
Shear crack (E) initiates at the upper
left-hand corner of the right-hand
inclusion and propagates downwards.
Tensile cracks (F&G) initiate
"simultaneously" after the initiation of
shear crack (E). Tensile crack (G)
coalesces with shear crack (E), which
causes shear crack (E) to change
direction and propagate upwards
towards the left-hand inclusion.
Tensile crack (F) initiates at the
boundary of the right-hand inclusion;
however, the exact location was not
able to be determined.
- 465 -
I
(Recorded by High Speed Video System)
H(T) 6
B(T),
C(T)2
(26.32 MPa)
Time: 7 minutes & 9.459 seconds
HS Image # - 1989
Shear crack (E) propagates
the left-hand inclusion.
Tensile cracks
"simultaneously".
initiates above the
while tensile crack
inclusion boundary.
through
(H&H') initiate
Tensile crack (H)
left-hand inclusion,
(H') initiates at the
- 466 -
I
(Recorded by High Speed
H(T)6
G(T)
s
(26.02 MPa)
Time: 7 minutes & 9.462 seconds
HS Image # - 1974
Shear crack (E) continues to propagate
until its intersection with the left-hand
specimen boundary.
Video System)
B(T)
D(T)3
C(T)
2
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 9.857 seconds
HS Image # - 1
I
Upper edge of the specimen.
- 469 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
i
I
SUMMARY
Specimen Number: SQ(PI)--45-OC (20080829)
SQ(PI)--45-OC (Test Date 20080829)
35.0
30.0
25.0
20.0
15.0
10.0
5.0 . . .l"
OTensile Crack Initiation (28.39 MPa,
0.595% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
- 470 -
0-
CO
(0,,
(Recorded by High Speed Video System)
(28.15 MPa)
Time: 5 minutes & 59.644 seconds
HS Image # - 2486
Tensile cracks (L&M) simultaneously
propagate around the boundary of the
left-hand inclusion and coalesce.
Tensile crack (N) then initiates at the
left-hand inclusion.
-471-
SUMMARY
Specimen Number: SQ(UI)--45-OA (20080828)
-472-
SQ(UI)--45-OA (Test Date 20080828)
35.0
30.0
25.0
( 20.0
(O 10.0
O Maximum Stress (29.606 MPa, 0.619%
Axial Strain)
5.0 OTensile Crack Initiation (27.90 MPa,
0.569% Axial Strain)
0.0 -1 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
(28.88 MPa)
Time: 6 minutes & 13.198 seconds
HS Image # - 2617
Shear crack (G) propagates until its
coalescence with the right-hand
inclusion boundary.
- 473 -
I
Specimen Number: SQ(UI)--45-OB (20080828)
- 474 -
SQ(UI)--45-0B (Test Date 20080828)
30.0
25.0 -
20.0 -
15.0
10.0
I Maximum Stress (26.630 MPa, 0.541%
5.0 Axial Strain)
O Tensile Crack Initiation (16.25 MPa,
0.362% Axial Strain
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARES - Ultracal Material
Inclusion more stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 475 -
I
(16.25 MPa)
- Tensile Crack Initiation
Time: 3 minutes & 1.326 seconds
Tensile crack (A) initiates at the upper
boundary of the left-hand inclusion and
propagates upwards. Tensile crack (B)
initiates above the left-hand inclusion
and propagates upwards as well.
Tensile crack (A) then begins to
propagate along the boundary of the
left-hand inclusion and into the matrix.
(Recorded by High Speed Video System) Tensile crack (C) initiates below the
left-hand inclusion boundary and
propagates downwards.
A small piece of specimen then
detaches (*) from the lower right-hand
specimen boundary.
A(T)1
c (T)21
- 476 -
(17.61 MPa)
Time: 3 minutes & 21.08 seconds
Tensile crack (B) propagates
downwards until its coalescence with
the upper boundary of the left-hand
inclusion.
(Recorded by High Speed Video System)
B(T),
A(T)I
C(T)2
- 477 -
(Recorded by High Speed Video System)
B(T),
A(T),
SD(T) 3
E(T) 3
C(T)2
(21.04 MPa)
Time: 4 minutes & 9.83 seconds
Tensile cracks (D&E) initiate at the
boundary of the left-hand inclusion and
propagate upwards and downwards,
respectively.
-478-
(25.22 MPa)
Time: 5 minutes & 9.58 seconds
Surface crack (surf.) initiates within the
left-hand inclusion and propagates
away from the inclusion.
Tensile crack (D) then begins to
propagate along the boundary of the
left-hand inclusion until its coalescence
with tensile crack (E).
(Recorded by High Speed Video System)
B(T),
A(T) D(T ,
surf.
E(T)3
C(T)2
- 479 -
(Recorded by High Speed Video System)
A(T),
F(S)4
(26.630 MPa) [Max. Stress]
Time: 5 minutes & 29.076 seconds
HS Image # - 4500
Shear crack (F) initiates
boundary of the left-hand
propagates downwards
specimen boundary.
at the upper
inclusion and
towards the
- 480 -
I
(Recorded by High Speed Video System)
F(S)4 4,
E(T) 3
(17.78 MPa)
Time: 5 minutes & 29.351 seconds
HS Image # - 3126
Shear crack (G) initiates
boundary of the left-hand
propagates downwards
right-hand inclusion.
at the upper
inclusion and
towards the
-481-
I
(Recorded by High Speed Video System)
B(T),
A(T) D
F(S) 4
surf.
C(T)2
E(T)3 H(T)
(16.43 MPa)
Time: 5 minutes & 29.374 seconds
HS Image # - 3010
Tensile crack (H) initiates below the
right-hand inclusion and propagates
downwards.
- 482 -
I
(Recorded by High Spee
F(S)4
(16.09 MPa)
Time: 5 minutes & 29.380 seconds
HS Image # - 2981
Tensile crack (H) propagates until its
coalescence with the boundary of the
right-hand inclusion.
Tensile crack (I) then initiates at shear
crack (G) and propagates towards the
upper specimen boundary.
ed Video System)
- 483 -
(14.26 MPa)
Time: 5 minutes & 29.411 seconds
HS Image # -2823
Tensile crack (J) initiates at the lower
specimen boundary and propagates
upwards until its coalescence with
shear crack (F).
Shear crack (G) then coalesces with
the boundary of the right-hand
inclusion.
(Recorded by High Speed Video System)
B(T),
I(T) 7
A(T) D
F(S) 4
G(S),
E(T)3  H(T)6
J(T)8
C(T)2
- 484 -
(14.17 MPa) - Ultimate Failure
Time: 5 minutes & 29.413 seconds
HS Image # - 2815
Tensile crack (K) initiates at the lower
specimen boundary and propagates
until its coalescence with the left-hand
specimen boundary, which results in
the detachment of a specimen piece.
Note the curved shaped of tensile
crack (K) as it propagates adjacent to
shear crack (F).
(Recorded by High Speed Video System)
B(T)I
A(T) D(T I(T)
G(S) .
E(T), H(T)
J(T)8
K(T), C(T)2
- 485 -
(10.70 MPa)
Time: 5 minutes & 29.473 seconds
HS Image # - 2516
Tensile crack (L) initiates above the
right-hand inclusion and propagates
upwards.
(Recorded by High Speed Video System)
B(T),
L(T) (
A(T) D(T 
I(T)7
- 486 -
(10.54 MPa)
Time: 5 minutes & 29.476 seconds
HS Image # - 2502
Tensile crack (L) propagates until its
coalescence with the boundary of the
right-hand inclusion.
Shear crack (M) initiates at the
boundary of the right-hand inclusion
and propagates upwards towards the
specimen boundary.
(Recorded by High Speed Video System)
B(T)L
L(T)(
A(T) D I(T)
F(S) 4
G(S)5
M(S)IJ
E(T)3  H(T) 6
J(T)\
K(T), C(T)
- 487 -
(8.27 MPa)
Time: 5 minutes & 29.515 seconds
HS Image # - 2307
Tensile crack (N) initiates at the lower
specimen boundary and propagates
s upwards, which results in the
detachment of a specimen piece.
(Recorded by High Speed Video System)
B(T),
L(T)10
I(T)7
A(T) D(T 3
F(S)4
G(S),5
M(S) 1
E(T)3  H(T)6
J(T)I
N(T)12
K(T), C(T)2
- 488 -
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
A good view of shear crack (G) can be
seen in this picture.
- 489 -
I
Upper edge of the specimen.
- 490 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
SUMMARY
Specimen Number: SQ(UI)-45-OC (20080828)
- 491 -
SQ(UI)--45-0C (Test Date 20080828)
35.0
30.0
25.0
( 20.0
(0 15.0
(0 10.0
0Maximum Stress (30.627 MPa, 0.628%
5.0 1 Axial Strain)
-0OTensile Crack Initiation (30.62 MPa,
0.628% Axial Strain)
0.0 -
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(29.62 MPa) - Ultimate Failure
Time: 6 minutes & 26.584 seconds
HS Image # - 2340
Surface crack (surf.) initiates at tensile
crack (F) and propagates upwards.
Shear crack (J) initiates at the upper
boundary of the right-hand inclusion
and propagates downwards until its
coalescence with the boundary of the
left-hand inclusion.
(Recorded by High Speed Video System)
-492-
SUMMARY
Specimen Number: SQ(PI)-30-OA (20081027)
-493-
SQ(PI)-30-OA (Test Date 20081027)
40.0
35.0
30.0
25.0
20.0
15.0
10.0 Maximum Stress (35.799 MPa,
0.694% Axial Strain)
5.0 Tensile Crack Initiation (30.81 MPa,
0.607% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(23.77 MPa)
Time: 7 minutes & 40.728 seconds
HS Image # - 3415
Tensile crack (G) continues to
propagate until its coalescence with
tensile crack (F).
Tensile crack (H) then initiates at the
lower specimen boundary and
propagates upwards, adjacent to the
left-hand inclusion.
(Recorded by High Speed Video System) Tensile crack (I) initiates at the
boundary of the left-hand inclusion and
propagates upwards.
F(T)
6
I(T)9
G(T)7
H(T)8
IETs
- 494 -
SUMMARY
Specimen Number: SQ(PI)-30-0B (20081027)
- 495 -
SQ(PI)-30-OB (Test Date 20081027)
40.0
35.0
30.0
25.0
20.0
15.0
10.0 U] Maximum Stress (38.232 MPa,
0.693% Axial Strain)
5.0 , Tensile Crack Initiation (37.52 MPa,
0.676% Axial Strain)
0.0 I I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(35.88 MPa)
Time: 8 minutes & 13.108 seconds
HS Image # - 2749
Tensile crack (E) continues to
propagate downwards and coalesces
with tensile crack (D). This results in
the detachment of a large specimen
piece at the right boundary.
Tensile crack (G) then initiates at the
upper specimen boundary and
propagates downwards, which results
(Recorded by High Speed Video System) in the detachment of another piece of
specimen at the left boundary.
G(T)5
F(T)4
E(T),
-496-
Specimen Number: SQ(PI)-30-OC (20081027)
SQ(PI)-30-OC (Test Date 20081027)
40.0
35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0
0
\-
OMaximum Stress (36.322 MPa,
0.677% Axial Strain)
- Tensile Crack Initiation (34.00 MPa,
0.640% Axial Strain)
OCoalescence (24.81 MPa, 0.774%
Axial Strain)
.00 0.10 0.20 0.30 0.40 0.50
Axial Strain (%)
0.60 0.70 0.80 0.90
- 497 -
-
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARES - Plaster Material
Inclusions less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 498 -
I
(19.59 MPa)
Time: 3 minutes & 52.126 seconds
Prior to tensile crack initiation at the
inclusion boundaries, a surficial piece
of specimen detaches (*) at the right
specimen boundary.
(Recorded by High Speed Video System)
u i
- 499 -
(Recorded by High Speed Video System)
(34.00 MPa)
- Tensile Crack Initiation
Time: 7 minutes & 16.93 seconds
Tensile crack (A) initiates at the upper
specimen boundary and propagates
downwards. This results in the
detachment of another specimen piece
at the right boundary.
- 500 -
T(Recorded by High Speed Video System)
(36.322 MPa) [Max. Stress]
Time: 7 minutes & 49.960 seconds
HS Image # - 3014
Tensile crack (B) initiates at the lower
specimen boundary and propagates
upwards until its intersection with the
upper specimen boundary. This results
in the detachment of a specimen piece
at the left boundary.
-501-
(24.86 MPa)
Time: 7 minutes & 50.049 seconds
HS Image # - 2568
Tensile crack (C) initiates at the lower
specimen boundary and propagates
upwards, and then along the left-hand
inclusion boundary. Tensile crack (C)
then continues to propagate upwards
into the surrounding hydrocal matrix
again.
Tensile crack (D) initiates at the
(Recorded by High Speed Video System) boundary of the right-hand inclusion
and propagates downwards.
It is assumed that tensile crack (E)
initiates at the upper specimen
boundary and propagates downwards
E(T)3  A(T), towards the right-hand inclusion,
though the high speed footage was
inconclusive.
C(T)3
D(T)
3
B(T)
2
- 502 -
(Recorded by High Speed Video System)
E(T)3
F(S) 4
C(T)D(
D(T
(24.83 MPa)
Time: 7 minutes & 50.050 seconds
HS Image # - 2567
Shear crack (F) initiates at the
boundary of the right-hand inclusion
and propagates downwards towards
the left-hand inclusion.
- 503 -
(Recorded by High Speed Video System)
C(T) 3
(T)3
G(T)5
D(T),
(24.81 MPa) - Coalescence
Time: 7 minutes & 50.050 seconds
HS Image # - 2566
Shear crack (F) continues to propagate
until its coalescence with the boundary
of the left-hand inclusion.
Tensile crack (G) initiates at the upper
specimen boundary and propagates
downwards, and then along the right-
hand inclusion boundary. Tensile
crack (G) then continues to propagate
downwards into the surrounding
hydrocal matrix, towards the lower
specimen boundary.
- 504 -
I
.(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 7 minutes & 50.412 seconds
HS Image # - 753
- 505 -
- 506 -
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
Specimen Number: SQ(UI)-30-OA (20081108)
- 507 -
SQ(UI)-30-OA (Test Date 20081108)
30.0
25.0
20.0
15.0
S100 0 Maximum Stress (27.136 MPa,0) 0.618% Axial Strain)
OTensile Crack Initiation (15.99 MPa,
5.0 - 0.429% Axial Strain)
OCoalescence (19.68 MPa, 0.677%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARES - Ultracal Material
Inclusions more stiff than matrix.
Initial surface cracks present prior to
testing.
High Speed Camera Frame Rate:
5000 pps
- 508 -
(15.99 MPa)
- Tensile Crack Initiation
Time: 2 minutes & 57.66 seconds
A tensile crack initiates at the lower
specimen boundary and propagates
upwards; this results in the detachment
(*) of a piece at the left specimen
boundary.
Tensile crack (A) initiates at a pre-test
surface crack within the left-hand
inclusion and propagates upwards.
(Recorded by High Speed Video System)
A(T)
- 509 -
(20.29 MPa)
Time: 3 minutes & 58.23 seconds
Tensile crack (B) initiates at the pre-
test surface crack located within the
left-hand inclusion and propagates
downwards.
Tensile crack (C) initiates at the
boundary of the left-hand inclusion and
propagates downwards towards the
lower specimen boundary.
(Recorded by High Speed Video System)
A(T) (
I B(T)2 
C
C(T)2
-510-
(Recorded by High Speed Video System)
E(T)3
D(T) 3
H(S) 3
/F(T),
G(T)3
C(T)2
(25.66 MPa)
Time: 5 minutes & 13.63 seconds
A piece
detaches
boundary.
surficial specimen (*)
the right specimen
Tensile cracks (D,E,F&G) initiate
"simultaneously" with shear crack (H).
Tensile crack (D) initiates at the
boundary of the right-hand inclusion
and propagates upwards.
It is assumed that tensile crack (E)
initiates at the upper specimen
boundary and propagates downwards,
towards the right-hand inclusion.
Tensile crack (F) initiates within
right-hand inclusion.
Tensile crack (G) initiates
boundary of the right-hand
and propagates downwards.
Shear crack (H) initiates
boundary of the right-hand
and propagates downwards,
the left-hand inclusion.
the
at the
inclusion
at the
inclusion
towards
-511-
B(T)2
I
1
(27.136 MPa) [Max. Stress]
Time: 5 minutes & 34.15 seconds
Tensile crack (B) propagates along the
pre-test surface crack within the left-
hand inclusion, and coalesces with
tensile crack (A).
Tensile cracks (1,J&K) initiate
"simultaneously" at the boundary of the
left-hand inclusion. Tensile crack (I)
propagates upwards towards the upper
specimen boundary, while tensile
(Recorded by High Speed Video System) cracks (J&K) propagate downwards.
E(T) 3
I(T)
4
D(T)3
H(S)3/
/ ~F(T)3
A(T),
G(T)3
B(T)
C(T)2
- 512 -
(Recorded by High Speed Video System)
I(T)4
H(S),
N(T), A(T)1
(TJ(T) )2
C(T)2
E(T)
3
I M(T)6
L(T)
13 F(T),
TG(T)
(26.84 MPa)
Time: 5 minutes & 34.425 seconds
HS Image # - 4027
Tensile crack (L) initiates at the upper
specimen boundary and propagates
downwards.
Tensile crack (M) initiates
right-hand inclusion and
vertically in both directions.
above the
propagates
Tensile crack (N) then initiates at the
left-hand inclusion boundary and
propagates upwards, until its
coalescence with tensile crack (I).
-513-
(Recorded by High Speed Video System)
E(T)3  L(T) 5
M(T)6
I(T)4
H(S),
N(T), A(T)
B (T)2
J(T)4 
K( 4
C (T)2
F(T)
(T) 8
I G(T)3
(26.64 MPa)
Time: 5 minutes & 34.520 seconds
HS Image # - 3556
Tensile crack (0) initiates at the
boundary of the right-hand inclusion.
- 514 -
I
(26.63 MPa)
Time: 5 minutes & 34.525 seconds
HS Image # - 3530
Tensile crack (0) propagates upwards
towards tensile crack (M) and also
downwards towards the lower
specimen boundary.
(Recorded by High Speed Video System)
E(T)3  L(T)s
1(T) 4  M(T) 6
D(T)3
H(S)3 /
SF(T),
N(T)7  A(T)
G(T)3
O(T) 8J(T))J(T)4 K( )4
C(T)2
- 515 -
(23.17 MPa)
Time: 5 minutes & 34.591 seconds
HS Image # - 3197
Shear crack (P) initiates at the
boundary of the left-hand inclusion and
propagates downwards towards the left
specimen boundary.
(Recorded by High Speed Video System)
E(T) 3  L(T)s
I(T)4 )(T) 6
H(S)3 J/
/ F(T),
N(T)7 (T)
P(S), G(T)
O(T)8
B(T) (
cC(T)2
-516-
(Recorded by High Speed Video
E(T) 3
D(T) 3
H(S) 3
A(T),
G(T
SB(T)2
K( ),
CM2
(19.77 MPa)
Time: 5 minutes & 34.637 seconds
HS Image # - 2968
The propagation of shear crack (P)
results in the detachment of a large
specimen piece at the left specimen
boundary.
System)
L (T)
O(T) 8
-517-
I
I
(19.68 MPa) - Coalescence
Time: 5 minutes & 34.638 seconds
HS Image # - 2962
Shear crack (H) propagates until its
coalescence with the boundary of the
left-hand inclusion.
(Recorded by High Speed Video System)
E(T)3  (T) L(T)5
M (T)6
H(S) 3
A(T),
G(T) 3
B(T)2  O(T)8
K( )4
C(T)2
-518-
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 5 minutes & 34.638 seconds
HS Image # - 1
-519-
Q(UI)-30-OA
-0 8 -0OS
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
-520-
SUMMARY
Specimen Number: SQ(UI)-30-0B (20081108)
- 521 -
SQ(UI)-30-OB (Test Date 20081108)
30.0
25.0
20.0
15.0
S10.0____ OMaximum Stress (27.679 MPa,
o) 0.559% Axial Strain)
OTensile Crack Initiation (21.24 MPa,
5.0 - 0.446% Axial Strain)
OCoalescence (20.17 MPa, 0.653%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Axial Strain (%)
(20.17 MPa) - Coalescence
Time: 5 minutes & 38.945 seconds
HS Image # - 4649
Shear crack (N) continues to
propagate, until its coalescence with
the boundary of the left-hand inclusion.
Spalling (*) occurs adjacent to shear
cracks (M&N).
(Recorded by High Speed Video System)
A(T),
F(T)5 G(T)5
N(S) 8 / 0(S)9
K(H(T )
IB(T),
- 522 -
SUMMARY
Specimen Number: SQ(UI)-30-OC (20081108)
- 523 -
SQ(UI)-30-OC (Test Date 20081108)
30.0
25.0
20.0 -
15.0
10JMaximum Stress (25.149 MPa,
• o10.0V) 0.582% Axial Strain)
OTensile Crack Initiation (14.76 MPa,
5.0 -0.396% Axial Strain)
OCoalescence (20.25 MPa, 0.627%
Axial Strain)
0.0 I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(20.25 MPa) - Coalescence
Time: 4 minutes & 58.966 seconds
HS Image # - 2379
Shear crack (I) continues to propagate,
until its coalescence with the boundary
of the right-hand inclusion.
Spalling (*) occurs adjacent to shear
cracks (l&J).
(Recorded by High Speed Video System)
G(T) 3
D(T) I
K(T)5
L(S), /
- 524 -
SUMMARY
Specimen Number: SQ(PI)-60-0A (20081108)
- 525 -
SQ(PI)-60-OA (Test Date 20081108)
35.0
30.0
25.0
0. 20.0
S 15.0
) 10.0
0 Maximum Stress (29.364 MPa,
0.600% Axial Strain)
5.0 c' Tensile Crack Initiation (28.65
MPa, 0.574% Axial Strain
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(22.13 MPa)
Time: 6 minutes & 3.779 seconds
HS Image # - 2266
Tensile crack (H) propagates
downwards, along the right-hand
inclusion boundary.
Tensile crack (J) initiates at the upper
specimen boundary and propagates
downwards, towards the right-hand
inclusion.
(Recorded by High Speed Video System) Tensile crack (K) initiates at the lower
specimen boundary and propagates
upwards.
D(T)3 J (T )
8
H(T) 6
B(T)
2
I(T)7
F(S)
G(T) C(T) 2  K(T)
(T), E(T)4
-526-
SUMMARY
Specimen Number: SQ(PI)-60-0B (20081108)
-527-
SQ(PI)-60-OB (Test Date 20081108)
35.0 -
30.0
25.0
S 20.0
(0 15.0
2[]0 Maximum Stress (34.115 MPa,
4-1 1/ - 0.637% Axial Strain)() 10.0 OTensile Crack Initiation (34.11 MPa,
0.637% Axial Strain)
5.0 " OCoalescence (32.74 MPa, 0.675%
Axial Strain)
0.0 I
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(32.74 MPa) - Coalescence
Time: 7 minutes & 16.114 seconds
HS Image # - 3403
Tensile crack (F) continues to
propagate, until its coalescence with
tensile crack (A).
Shear crack (D) also continues to
propagate, until its coalescence with
tensile crack (B).
The two inclusions coalesce in an
(Recorded by High Speed Video System) indirect manner.
C(T),
B(T)
D(S)2
E )3
F(T)4
A(T),
-528-
I
Specimen Number: SQ(PI)-60-OC (20081108)
- 529 -
SQ(PI)-60-OC (Test Date 20081108)
30.0
25.0
20.0
15.0
S 10.0 / O Maximum Stress (26.598 MPa,
10.550% Axial Strain)
*Tensile Crack Initiation (19.08 MPa,
0.402% Axial Strain)
OCoalescence (25.75 MPa, 0.558%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARES - Plaster Material
Inclusions less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
-530-
I
I
(Recorded by High Speed Video System)
A(T),
(19.08 MPa)
- Tensile Crack Initiation
Time: 3 minutes & 38.05 seconds
Tensile crack (A)
boundary of the
and propagates
directions.
initiates at the upper
right-hand inclusion
vertically in both
Tensile crack (B) then initiates below
the right-hand inclusion and
propagates downwards.
-531-
B(T)2
(22.54 MPa)
Time: 4 minutes & 26.66 seconds
Tensile crack (C) initiates at the lower
specimen boundary and propagates
upwards.
Tensile crack (D) initiates at the
boundary of the right-hand inclusion
and propagates upwards, and also
begins to propagate along the inclusion
boundary.
(Recorded by High Speed Video System) Tensile crack (E) initiates at the upper
specimen boundary and propagates
downwards.
Surface cracking (surf.) initiates
E(T)5  adjacent to tensile crack (A) with an
D(T)4 increase in loading.
A(T),
surf.
B(T)2
C(T)3
-532-
(26.54 MPa)
Time: 5 minutes & 23.042 seconds
Tensile crack (F) initiates at the lower
specimen boundary and propagates
upwards, towards the left-hand
inclusion.
Tensile cracks (G&H) initiate at the
boundary of the left-hand inclusion and
propagate downwards and upwards,
respectively.
(Recorded by High Speed Video System)
E(T)5
D(T) 4
A(T),
S surf.
H(T)s i tB(T)2
G(T) 6
F(T) 6
- 533 -
(Recorded by High Speed Video System)
E(T)5
H(T)6 1
1(T)
7
C(T) 3
G(T)6
F(T) 6
D(T)4
surf.
B(T)
(26.598 MPa) [Max. Stress]
Time: 5 minutes & 23.834 seconds
Tensile cracks (l&J) initiate at the
boundary of the left-hand inclusion and
propagate upwards and downwards,
respectively.
-534-
I
(25.78 MPa)
Time: 5 minutes & 23.908 seconds
HS Image # - 3706
Tensile crack (J) propagates upwards
along the left-hand inclusion boundary,
until its coalescence with tensile crack
(I).
Tensile crack (K) then initiates at the
upper boundary of the left-hand
inclusion and propagates upwards.
(Recorded by High Speed Video System) Tensile crack (A) continues to
propagate downwards towards the
lower specimen boundary.
E(T)
5
D(T),
A(T)
K(T)8
surf.
I(T B(T)2
G(T)(
F(J(T)
F(T)6
-535-
(25.76 MPa)
Time: 5 minutes & 23.910 seconds
HS Image # - 3696
Shear crack (L) initiates at the
boundary of the left-hand inclusion and
propagates upwards towards the right-
hand inclusion.
(Recorded by High Speed Video System)
E(T) 5
D(T),
A(T)
K(T) 8
L(S)9  surf.
H(T)6  (T) 7  B(T)2
C(T)3
G(T)6  J(
J(T)7
-536-
(25.75 MPa) - Coalescence
Time: 5 minutes & 23.910 seconds
HS Image # - 3695
Shear crack (L) continues to
propagate, until its coalescence with
the right-hand inclusion.
(Recorded by High Speed Video System)
E(T)5
D(T)4
A(T),
K(T)8
L(S)9 surf.
IG(T) BJ(T)
G(T)6
F(T)6
- 537 -
(Recorded by High Speed Video System)
(0 MPa)- Final Picture
Time: 5 minutes & 24.649 seconds
HS Image # - 1
-538-
I
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I I
i
Specimen Number: SQ(UI)-60-OA (20081108)
SQ(UI)-60-OA (Test Date 20081108)
El Maximum Stress (23.862 MPa,
0.551% Axial Strain)
O Tensile Crack Initiation (9.39 MPa,
0.285% Axial Strain)
OCoalescence (22.31 MPa, 0.495%
Axial Strain)
e
I.
cl)
20.0
15.0
10.0
5.0
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
25.0 --
Initial Inclusion Geometries:
SQUARES - Ultracal Material
Inclusions more stiff than matrix.
Initial surface cracks present prior to
testing.
High Speed Camera Frame Rate:
5000 pps
(Recorded by High Speed Video System)
- 541 -
(9.39 MPa)
- Tensile Crack Initiation
Time: 1 minute & 24.87 seconds
Tensile crack (A) initiates at a pre-test
surface crack located within the right-
hand inclusion and propagates
upwards.
Tensile crack (B) initiates at the
boundary of the left-hand inclusion and
propagates downwards.
(Recorded by High Speed Video System) Tensile crack (C) initiates at the same
pre-test surface crack as tensile crack
(A) and propagates downwards.
A(T)1
C(T)3
- 542 -
(16.94 MPa)
Time: 3 minutes & 12.25 seconds
As tensile cracks (A&C) continue to
propagate, tensile crack (D) initiates at
the pre-test surface crack located
within the left-hand inclusion and
propagates upwards.
(Recorded by High Speed Video System)
A(T),
D(T) C(T),
B(T)2
- 543 -
(20.13 MPa)
Time: 3 minutes & 57.57 seconds
Tensile crack (E) initiates at the lower
specimen boundary and propagates
upwards.
Tensile crack (F) then initiates above
the right inclusion and propagates
supwards and downwards. Tensile
crack (F) then intersects and
propagates along the boundary of the
right-hand inclusion.
(Recorded by High Speed Video System)
Surface crack (surf.) initiates at the
boundary of the left-hand inclusion and
propagates downwards, adjacent to
tensile crack (B).
F(T)
6
A(T),
Esurf.
E(T)5 B(T)2
- 544 -
(Recorded by High Speed Video System)
E(T)5
(22.31 MPa) - Coalescence
Time: 4 minutes & 28.95 seconds
A new surface crack (surf.) initiates
adjacent to tensile crack (F).
Shear crack (G) then initiates at the
right-hand inclusion boundary and
propagates downwards, until its
coalescence with the left-hand
inclusion.
Tensile crack (H) initiates
hand inclusion boundary,
coalescence of shear
occurred, and propagates
along the boundary.
at the left-
where the
crack (G)
downwards
- 545 -
(23.862 MPa) [Max. Stress]
Time: 4 minutes & 50.46 seconds
Tensile crack (I) initiates at the lower
specimen boundary and propagates
upwards.
D(T)4
(Recorded by Camcorder)
}\surf.F(T)
G(S),
D(T)4
c(T),
H(T)7
I(T)8 B(T)2
- 546 -
(23.78 MPa) - Ultimate Failure
Time: 4 minutes & 51.06 seconds
Shear crack (J) initiates at the
boundary of the right-hand inclusion
and propagates downwards. Spalling
(*) initiates adjacent to shear crack (J).
A surface crack (surf.) then initiates at
shear crack (J) and propagates
downwards, until its coalescence with
tensile crack (C).
(Recorded by Camcorder)
F(T)6
iA(T)
G(S), J(S),
D(T)4
C(T)3  surf.
E(T)5
(T))7
- 547 -
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
HS Image # - 2945
- 548 -
I
Upper edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I 
_
SUMMARY
Specimen Number: SQ(UI)-60-OB (20081108)
SQ(UI)-60-OB (Test Date 20081108)
El Maximum Stress (24.073 MPa,
0.586% Axial Strain)
OTensile Crack Initiation (10.45 MPa,
0.320% Axial Strain)
O Coalescence (23.33 MPa, 0.528%
Axial Strain)
25.0 -
20.0
15.0
10.0
5.0
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(24.073 MPa) [Max. Stress]
Time: 4 minutes & 54.36 seconds
Tensile crack (J) initiates at the lower
specimen boundary and propagates
upwards, until its coalescence with
shear crack (H).
(Recorded by High Speed Video System)
B(T) I(S),
E(T),
c(T), /
H(S)6
A(T),
J(T),
D(T)2
-551-
SUMMARY
Specimen Number: SQ(UI)-60-OC (20081108)
552 -
SQ(UI)-60-OC (Test Date 20081108)
30.0
25.0 -"
20.0
2 15.0
ell0 Maximum Stress (25.900 MPa,
S 100 0.573% Axial Strain)
OTensile Crack Initiation (10.33 MPa,
0.297% Axial Strain)
O Coalescence (22.76 MPa, 0.498%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(25.900 MPa) [Max. Stress]
Time: 5 minutes & 17.13 seconds
Shear crack (I) initiates at the boundary
of the left-hand inclusion and
propagates upwards.
Tensile crack (J) initiates at the lower
specimen boundary and propagates
upwards, until its coalescence with
2shear crack (I).
Tensile crack (K) then initiates at the
(Recorded by Camcorder) lower specimen boundary and
propagates upwards.
A(T),
> surf.
G(T)5
D(T)3 
" B(T),
H(S/T)6
'() E(T) 1 5 I
C(T)2
K(T)9  J (T) I
J(T)8
- 553 -
SUMMARY
Specimen Number: SQ(PI)-75-OA (20090213)
-554-
SQ(PI)-75-OA (Test Date 20090213)
35.0
30.0
25.0
. 20.0
(I) 15.0
S OMaximum Stress (31.573 MPa,
0 10.0 - 0.622% Axial Strain)OTensile Crack Initiation (31.32 MPa,
0.594% Axial Strain)
5.0 - Shear Crack Initiation (23.04 MPa,
0.704% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
A(T),
G(S) 5
E(T)4
(23.04 MPa)
- Shear Crack Initiation
Time: 6 minutes & 35.656 seconds
HS Image # - 3089
As debonding initiates at
of the left-hand inclusion,
(F) initiates and
downwards.
the boundary
tensile crack
propagates
Shear crack (G) then initiates at the
left-hand inclusion boundary and
propagates, until its coalescence with
tensile crack (E).
-555-
I
D(T) 3
Specimen Number: SQ(PI)-75-OB (20090213)
- 556 -
SQ(PI)-75-OB (Test Date 20090213)
30.0
25.0
20.0
E 15.0
S 10.0 l Maximum Stress (26.396 MPa,
, 10.559% Axial Strain)
O Tensile Crack Initiation (18.78 MPa,
5.0 - 0.416% Axial Strain)
OCoalescence (25.89 MPa, 0.559%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
Initial Inclusion Geometries:
SQUARE - Plaster Material
Inclusions less stiff than matrix.
High Speed Camera Frame Rate:
5000 pps
- 557 -
-558-
(19.19 MPa)
Time: 3 minutes & 42.27 seconds
The following occurs "simultaneously":
Tensile crack (A) propagates upwards
and downwards.
Tensile crack (B) propagates upwards,
as surface crack (surf.) propagates
downwards, into the inclusion, from the
same initiation point as tensile crack
(B).
(Recorded by High Speed Video System)
Tensile crack (C) initiates at the upper
right-hand inclusion boundary, and
propagates upwards and downwards.
Tensile crack (D) initiates at the lower
C(T)2 left-hand inclusion boundary and
propagates downwards.
A(T)
B(T),
surf(
D(T)2
(Recorded by High Speed Video System)
C(T)2
A(T),
B(T),
surf E(T)3
D(T)2
(24.96 MPa)
Time: 5 minutes & 3.25 seconds
A piece of specimen (*) detaches from
the upper right specimen boundary.
Tensile crack (A) continues to
propagate until its coalescence with
tensile crack (C).
Debonding then initiates at the
boundary of the left-hand inclusion.
This results in the initiation of tensile
crack (E), which propagates upwards
and downwards.
(Recorded by High Speed Video System)
C(T)2
A(T),
E(T),
(26.396 MPa) [Max. Stress]
Time: 5 minutes & 23.576 seconds
Surface crack (surf.) initiates adjacent
to tensile crack (E).
-561-
I
(25.89 MPa) - Coalescence
Time: 5 minutes & 23.678 seconds
HS Image # -5318
Shear crack (F) initiates at the right-
hand inclusion boundary and
propagates downwards, until its
coalescence with tensile crack (E).
This results in debonding at the left
boundary of the right-hand inclusion.
(Recorded by High Speed Video System)
C(T)2
F(S)
4
E(T)3 A(T)1
B(T), )s
D(T)2
- 562 -
(Recorded by High Speed Video System)
F(S)4L
(24.45 MPa)
Time: 5 minutes & 24.032 seconds
HS Image # - 3550
Shear crack (F) continues to propagate
upwards, until its coalescence with
tensile crack (A).
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 5 minutes & 24.706 seconds
HS Image # - 179
Upper edge of the specimen.
- 565 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
SUMMARY
Specimen Number: SQ(PI)-75-OC (20090213)
- 566 -
SQ(PI)-75-OC (Test Date 20090213)
35.0 -
30.0
25.0
cu 20.0
S15.0
0 Maximum Stress (29.426 MPa,
4- 0.593% Axial Strain)
(f) 10.0 1Tensile Crack Initiation (29.42 MPa,
0.593% Axial Strain)
5.0 OCoalescence (28.80 MPa, 0.687%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(28.80 MPa) - Coalescence
Time: 6 minutes & 9.290 seconds
HS Image # - 3037
The propagation of surface crack (surf.)
results in the detachment (*) of a
surficial piece of specimen.
Shear crack (G) then initiates at the tip
of tensile crack (D) and propagates
upwards, until its coalescence with the
right-hand inclusion boundary.
(Recorded by High Speed Video System)
F(T)4
G(T) A(T),
surf.
D(T)2 T)
- 567 -
Specimen Number: SQ(UI)-75-OA (20090213)
-568-
SQ(UI)-75-OA (Test Date 20090213)
30.0
25.0
20.0
=E 15.0
10.0 1 O Maximum Stress (27.520 MPa,
" 10.556% Axial Strain)
OTensile Crack Initiation (21.46 MPa,
5.0 0.463% Axial Strain)
O Coalescence (26.71 MPa, 0.587%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
Initial Inclusion Geometries:
SQUARE - Ultracal Material
Inclusions more stiff than matrix.
Pre-test surface crack located within
right-hand inclusion.
High Speed Camera Frame Rate:
5000 pps
(Recorded by High Speed Video System)
L i
- 569 -
(Recorded by High Speed Video System)
(18.85 MPa)
Time: 3 minutes & 37.31 seconds
Debonding (*) initiates at the left-hand
inclusion boundary.
- 570 -
I
I
(21.46 MPa)
- Tensile Crack Initiation
Time: 4 minutes & 13.66 seconds
Tensile crack (A) initiates at the left-
hand inclusion boundary and
propagates upwards and downwards.
Tensile crack (B&C) then initiate.
Tensile crack (B) initiates at the pre-
test surface crack located within the
right-hand inclusion. Tensile crack (C)
initiates at the right-hand inclusion
(Recorded by High Speed Video System) boundary, where debonding occurred,
and propagates upwards.
c(T)2
.. A(T),
-571-
(23.12 MPa)
Time: 4 minutes & 37.27 seconds
Tensile crack (D) initiates at the lower
specimen boundary and propagates
upwards.
Surface crack (surf.) then initiates at
the lower boundary of the right-hand
inclusion and propagates downwards,
while debonding (*) initiates at the
right-hand inclusion.
(Recorded by High Speed Video System)
C(T)2
surf.
A(T),
D(T)
- 572 -
(23.71 MPa)
Time: 4 minutes & 45.44 seconds
Tensile crack (E) initiates at the right-
hand inclusion boundary and
propagates downwards.
(Recorded by High Speed Video System)
C(T)2
E(T) 4
A(T),
D(T)3
(27.31 MPa)
Time: 5 minutes & 35.84 seconds
Tensile crack (D) continues to
propagate and coalesces with the
lower left-hand inclusion boundary.
Tensile crack (B) also begins to
propagate downwards from its initiation
point at the pre-test surface crack.
(Recorded by High Speed Video System)
C(T)2
B(T)2
E(T)4
A(T),
D(T)3
I
(Recorded by High Speed Video System)
F(S) 5
(27.520 MPa) [Max. Stress]
Time: 5 minutes & 38.83 seconds
Shear crack (F) initiates at the right-
hand inclusion boundary and
propagates downwards towards tensile
crack (A).
A small piece of specimen then
detaches (*) from the lower right
specimen boundary.
.1
- 575 -
I
I
(Recorded by High Speed Video System)
B(T) 2
E(T)4 
C 
.....
F(S) 5,
A(T),
ID(T)3
(26.68 MPa)
Time: 5 minutes & 39.162 seconds
HS Image # - 4957
Tensile crack (G) initiates at the upper
specimen boundary and propagates
downwards.
- 576 -
I
I
(Recorded by High Speed Videc
F(S) 5J
(26.84 MPa)
Time: 5 minutes & 39.235 seconds
HS Image # - 4593
Shear crack (H) initiates at the right-
hand inclusion boundary and
propagates upwards.
o System)
G(T)6
(T)2
H(S)7
i
I
(Recorded by High Speed Video System)
B T)2
(T) G(T)6
E(T)4
F(S) 5, . 7  H(S)7
A(T)
D(T)3
( 0(T)3 I
(26.71 MPa) - Coalescence
Time: 5 minutes & 39.254 seconds
HS Image # -4496
Tensile crack (I) initiates at the upper
specimen boundary and propagates
downwards.
Shear crack (F) continues to propagate
until its coalescence with tensile crack
(A). This results in the upwards
propagation of tensile crack (E), as well
as, the increase in aperture of tensile
cracks (A&B).
(Recorded by High Speed Video System)
(0 MPa) - Final Picture
Time: 5 minutes & 40.153 seconds
HS Image # - 1
- 579 -
Upper edge of the specimen.
- 580 -
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
Lower edge of the specimen.
The cracks marked with a (*) coincide
with the openings between the teeth of
the brush platen.
I
I
SUMMARY
Specimen Number: SQ(UI)-75-0B (20090213)
- 581 -
SQ(UI)-75-OB (Test Date 20090213)
35.0
30.0
25.0
, 20.0
( 15.0
c, 10.0
E1Maximum Stress (32.487 MPa,
0.657% Axial Strain)
5.0 OTensile Crack Initiation (31.46 MPa,
0.615% Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
(22.29 MPa)
Time: 6 minutes & 53.847 seconds
HS Image # - 3157
An extensive amount of surficial
detachment occurs throughout the
specimen.
- 582 -
I
SUMMARY
Specimen Number: SQ(UI)-75-OC (20090213)
- 583 -
SQ(Ul)-75-0C (Test Date 20090213)
30.0
25.0
20.0
15.0
0 10 Maximum Stress (26.648 MPa,
10.0 0.551% Axial Strain)
* Tensile Crack Initiation (26.64
MPa, 0.551% Axial Strain)
OCoalescence (24.43 MPa, 0.577%
Axial Strain)
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Axial Strain (%)
(Recorded by High Speed Video System)
F( 5
H(T)I
C(S)3
surf.
(23.95 MPa)
Time: 5 minutes & 27.469 seconds
HS Image # - 2524
An extensive amount of surficial
detachment occurs at the region of the
left-hand inclusion.
- 584 -
I
